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PREFACE. 



The objects of this book are, to set forth clearly the fimda- 
mental principles of the steam-engine, to give a hroacl description 
of constructive practice, to explain fully the working of the ma- 
chine in its several departments, and to show how to find its 
efficiency in performance. Manner of presentation and order in 
development of the subject have been strongly influenced by the 
fact that it is intended to be a text-book for the use of students: 
but with this has gone the purpose of making it a complete engi- 
neering treatise, in which the theory of the steam-machine shall 
be put into a shape convenient of practical application, and which, 
on the descriptive side, shall lay a solid foundation for the more 
special and detailed information which must be gained from expe- 
rience and from the technical press. 

As to the manner of presentation, it is assumed that the reader 
knows at least a few general facts about the engine, and has had 
a good preparation in mathematics, physics, and mechanics; but 
all ph\'sical and mechanical deductions are built up, in concise 
form, from basal principles, in order that the book may be, on 
this side, as nearly self-contained as possible. The more element- 
ary subjects carry full explanations, many examples being given to 
impress and elucidate principles; but the advanced discussions are 
more concisely stated. Graphical methods are very generally 
used, as easier and clearer than algebraic. 

The first volume is devoted to the Thermodynamics and the 
Mechanics of the engine, a suflicient foundation of practical knowl- 
edge being laid in the introductory chapter, which fonimlates 
general ideas and describes, in simple tenns, the working of the 
engine. The fuller exposition of form and construction, at the 
beginning of volume two, is luade to follow this development of 
fundamental principles, in order that the reasons underlying dif- 
ferent types of design may be better understood. 

In thermodynamics, the purpose continually kept in mind has 
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been to present clearly all that is essential to the theorj' of the 
steam-engine as a working apparatus. The primary theon*^ of the 
heat-engine with a perfect gas is first built up, from the simplest 
statements to the establishment of the ideal thennodynamic 
process in the Carnot cycle. Then the properties of steam are 
fully described and illustrated, and its use as a medium exemplified, 
first in the Carnot cycle, then in the less perfect operations wliich 
approach more closely to actual conditions. Upon this follows 
a discussion of the secondary actions in the concrete machine, a 
development of methods for getting results from the indicator 
diagram (already introduced in Chapter I.), and a consideration 
of the means to be used for securing economy in the engine. 

The working theory of the steam-jet apparatus is next taken 
up: the conditions of formation of the adiabatic steam-jet are 
reduced to simple quantitative expression, so that its energy' and 
dimensions can be easily calculated; an attempt is made to set 
forth the mechanical action within the jet; the principles involved 
are applied to the flow of steam in pipes, the steam calorimeters, 
the injector, and the jet-blower; and a brief statement is made of 
the manner of action of the steam-turbine. 

A development of the entropy-temperature analysis completes 
this division of the subject — which, besides its adaptation to 
teaching, is designed to serve as the basis of a course in experi- 
mental steam-engineering. 

A full study of the mechanics of the main working-mechanism 
of the engine is given in Chapter VII., both as to force-action and 
as to motion. There is first a general view of the conditions to 
be investigated; next, a complete kinematic analysis, leading to 
the determination of the inertia-forces; third, a discussion of all 
the working-forces; last, a general solution of the problems of 
shaking-force and counterbalance. 

Volume II. will cover the following subjects: 

P'orm and construction of the engine; 

Valve-gears and their action; 

Governors and regulators; 

Steam-action in the compound engine; 

The steam-turbine; 

Accessories. 
The treatment of the turbine is intended to be sufficientlv full 
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to meet the ordiimr)^ needs of the remler or student, laying a gjood 
foumlatioa for the larger special works upon this tsubject. 

This work is mainly riescriptive and analytical, developing and 
illustrating principles and establishing inethods for solving the 
various problems which arise in connection with the working of 
the engine. The wTiter has planne^l a suhsecjuent treatise, on the 
Performance and Design of the Engine; this will take up the 
quantitative ami synthetical sirfe of the subject, giving the digested 
results of a large number of tests, now available in works of refer- 
encse; setting forth methods of engine-testing; and developing, as 
far as practicable, a logical scheme of design, especially of the 
therm oily iianiic design of tixe engine. This is several times r^ 
ferred tOj in the text, as Part II. (of a complete treatise). 

It will at once appear that the ground here covered is more 
extensive than is desirable for many courses of study: but the 
arran^ment of matter is stich as to facilitate selection and omis- 
sion. Without attempting to map out a course in detail, it may 
be well to remark that certain very special discussions, as § 6 (Jt), 
$ V^Ui), and the greater part of § 27, are clearly indicated for 
omission. A good elementar\* class-room course would inclmle, 
in Voh L, 55 1 to 17t or all of Chapters L, IL, and III,, with minor 
omiE^stons, in Diapter IV,, §§ IS, 19, 20 through (h), part of 21, 
22, and some of 23--the rest of this chapter belonging to the 
exfjerimental course and fomung an introduction to Part II.; | 24, 
and as nmch of the rest of Chapter V. as time permits, with em- 
phasis on 5 29; in Chapter VII., 55 32, 33 through {e), 34 (6), 35 

3 desired, 36 fa), 39, 40 (a). A strong course in the mechanics of the 
engine would use practically all of this chapter— such a coarse to be 

fgely carried out through graphical work in the drafting-room. 
Certain original features in this volume are, the formula for 
cyHnder-condensation in § 21, the curves and tables for the steam- 
jot in Chapter V., and the full development of the radial aimlysis 
for shaking-force in § 40. In regard to the chapter on mechanics, 
the writer woiUd acknowledge his indebtedness to Professor J, F, 
Klein, many of the methods there set forth being based upon 
those in ** Notes on the Design of a High-si>eed Engine,'* or devel- 
opcil in connection with the long-continued use of that book. 

R, C, H. H, 
SoCTH Bethlehem; Pa,, December, 19fJI. 
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THE STEAM ENGINE. 

CHAPTER I. 
A GENEtlAL VIEW OF THE SUBJECT. 

§ I. The Steam-power Plant. 

(a) The Elements of the Steam- plant. — ^In Fig. 1 are shown 
in outline the essential elements or organs of a complete apparatus 
for the generation of power by means of heat derived from the com- 
bustion of fuel and utilized through the medium of steam. These 
organs are: 

I. The Boiler (including the fimiace as well as the boiler proper), 
where the fuel is burned and the steam generated. 

II. The Engine, in which the expansive force of the steam is 
applied to the doing of useful work. 

III. The Condenser, which receives the used or exhaust steam 
and abstracts its heat, bringing it back to the initial state of water. 

Frequently the steam is discharged into the atmosphere and 
there condensed. 

rV. The Feed-pump, which returns the condensed steam or 
an equivalent amount of water to the boiler, completing the cycle 
of operations. 

The boiler and engine are naturally considered the principal 
parts of the plant; while the condenser and feed-pump, together 
with auxiliaries such as the feed-water heater and the various regu- 
lating appliances, come under the head of accessories. 

The list of names of parts, given under Fig. 1, is to be used in 
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connection with the following description of the working of the 
plant. 

(6) The Function of Combustion. — In the operation of the 
steam-generator two distinct sets of phenomena are involved, 




Pig. 1.— The Steam-plant. 
The Boiler (Water-tube type). 

1. Grate and Fire-space. 

2. A.sh-pit. 

3. Hot-gas spaces. 

4. Flue and Damper. 

The Engine (Corliss type). 
9. Throttle-valve. 

10. Cylinder. 

11. Engine-frame. 

12. Piston-rod. 

13. Cross-head. 

14. Connecting-rod. 



A. Boiler and Feed-pump. 

5. Chimney. 

6. Boiler-sliell, or Drum. 

7. Tubes. 

8. Steam-pipe. 

15. Crank. 

16. Fly-wheel. 

17. Governor. 

18. Exliaust to Condenser. 

19. Exhaust to open air. 



those of combustion and of heat-transfer and evaporation. The 
essential condition for combustion is that a sufficient supply of 
air be continually brought into contact with the fuel. To secure 
this, there must be first a suitable arrangement for holding the 



§ 1 m 



THE STEAM-POWER PLANT. 



bed of fuel, so formed that air can pass through it, with provision 
made for introducing fresh fuel and removing the solid waste- 
products; second, means for regulating the supply of air, both 
below and above the fire, and for producing and regulating the 




Pro. 1. — ^The Steam-plant. B. Engine and Condenser. 
m. Condenser and Pump (Jet or mixing type). 

20. Condensing-chamber. 24. Hot-well. 

21. Cold-water supply. 25. Steam-cylinders. 

22. Pump-cylinders. 26. Steam-pipe to pump. 

23. Discharge-pipe. 27. Elxhaust-pipe. 

TV. The Feed-pump (Separate, steam-driven type). 

28. Suction-pipe. 30. Steam-pipe. 

29. Feed-pipe. 31. Elxhaust-pipe. 

draft which draws or forces the air and the combustion-gases 
through the fire and along the passages through or around the boiler; 
lastly, a sufficient space above the fire, in which combustible gases 
from the solid fuel can be completely burned before they are cooled 
below the ignition-temperature by contact with the relatively 
cold surfaces of the boiler. In Fig. 1, these requirements are 
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met by the grate, ash-pit, and fire-space, with the fire-door and 
ash-pit door, both provided with air-grids; and by the chimney 
and damper. With special fuels, liquid or gaseous, other arrange* 
mente take the place of the grate used with solid fuel. And various 
forced-draft appliances are frequently used to assist, or partially 
to replace, the chimney. 

(c) The Function of Evaporation. — In order that the l)oiler 
may freely absorb the heat generated by combustion, it must 
have a large area of heating-surface, so disposed that there will be a 
rapid flow of the hot gases over the outer side, and that the steam 
as formed will be able to escape freely and rapidly from the inner 
side. A small portion of this surface is exposed to radiant heat 
from the solid fuel and from incandescent flame: this direct heat- 
ing-surface is far more effective in absorption than is that which 
receives heat only by contact and conduction from the hot gas. 
The current of gas is split up into narrow streams, and the body 
of water is likewise divided into small parts, so that there shall be 
only a slight depth of gas acting upon, and of water heated by, 
any particular portion of surface. WTiether this intimate con- 
tact is secured by the water- tube arrangement of Fig. 1, or Ixy 
the fire-tube arrangement ot cylindrical boilers, is a matter of 
minor importance. Means for insuring a full circulation of the 
hot gases over the whole of the heating-surface are shown in Fiir. 1 ; 
and the boiler is so formenl as to ])ermit free internal circulation, 
whereby a current of mixed water and steam-bubbles is continually 
rising through the front connecting-tubes into the drum, where 
there is ample surface for the separation of the steam from the 
water. 

(d) The Boiler a Separate Suhject. — ^The above general con- 
siderations are here stated in full because they are fundamental to 
an understanding of the thermal performance of the boiler, as a 
member of the steam-plant. But the boiler is made in s() great 
a variety of forms, and there are so many special matters involved 
in its design, constniction, and management, that it properly 
foHTis a separate subjects-together with all the appliances for 
handling and controlling steam, such as piping, valves, steam- 
traps, separators, etc. 
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(e) The Engine. — A simple engine (differing somewhat in 
type from that in Fig. 1) is fully described in the next section, 
so that no description need be given here. In general, the engine 
may be treated as a thermodynamic ("heat-work") apparatus 
and as a machine: both these phases of the subject are to be fully 
developed in this treatise. 

(/) Condensing the Exhaust Steam. — ^The two ways of getting 
rid of the exhaust steam are showTi in Fig. 1. The simplest is, of 
course, open exhaust to the air; but the efficiency of the engine 
can be increased by condensing the steam at a low temperature 
and in a consequent vacuum, using a pump to remove the water 
and maintain the vacuum. In the figure, the exhaust steam 
meets, in the chamber 20, a jet of cold water from the pipe 21, 
land is condensed by direct contact and mixing. The water from 
the condenser, moderately warm, is discharged into a tank called 
the hot-well. « 

The difference in working here described marks the distinction 
between condensing and non-condensing engines. 

(g) The Feed-pump draws from the hot-well an amount of 
water equal to the steam condensed and forces it into the boiler; 
the rest of the warm water goes to waste. In a well-designed plant 
there is one feature not shown in the drawing; that is, the exhaust 
from the pumps, instead of going to the main condenser, would 
go to a feed-water heater, where the greater part of its heat would 
be utilized in raising the temperature of the feed. And with open 
exhaust there would be a larger feed-heater, in which the water, 
dra\^Ti from a cold supply, could be heated up to the temperature 
of the exhaust steam. 

§ 2. Description of an Engine. 

(a) The Engine Selected for description, and illustrated in 
Figs. 2 to 7, is a good example of the simple, high-speed, self- 
contained type, especially adapted to driving electric generators — 
a service which requires smooth running and a close regulation 
of speed. The general form of the engine is shown in Fig. 2; the 
various working parts and the internal corustniction, in the several 
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sectional views. leaving Fig. 2 for incidental reference, we will 
first take up the main working-mechanism of the engine, given in 
Fig. 3. 

(b) This Mechanism performs the function stated in § 1 (a), 
of applying the expansive force of the steam to the doing of useful 
work. The moving parts of the mechanism are three, the sliding 
piece made up of the piston, piston-rod and cross-head, the con- 
necting-rod, and the rotating crank and shaft. Steam is admitted 
to the two ends of the cylinder alternately; and the steam-force 
acting on the piston is transmitted directly to the cross-head, 
and thence by the connecting-rod to the crank-pin, where it acts 
to turn the crank. The effect of this mechanism is, then, to 
change the reciprocating, straight-line motion of the piston into a 
continuous rotary motion of the shaft. In some t^-pes of engines, 
h()wever, the motion of the piston is applied directly to the useful 
resistance — ^as in pumps, blowing-engines, and steam-hammers. 

(c) The Pistox — see also Fig. 6 — is a thick disk, made hollow 
for lightness, but broad of face so as to have a liberal bearing- 
surface where it slides in the cylinder. It fits loosely, and the 
joint between cylinder-wall and piston is made steam-tight by the 
packing-rings, which fit into grooves cut in the piston and press 
outward by virtue of their owti elasticity. The piston-rod is 
securely fastened into the piston and the cross-head: it passes 
out of the cylinder through a stuffing-box, which Is filled, with ,a" 
packing material closely pressed into place around the rod, so as 
to prevent leakage of steam. 

(d) The Reciprocating Parts. — ^T wo sections of the cross-head 
are shown in Figs. 3 and 4, and a separate drawing of it will be 
^ven when the detailed description of the working parts is taken 
up. Besides having a hub into which the piston-rod screws 
and carrying the wrist-pin on which the connecting-rod oscil- 
lates, the cross-head is formed at the bottom to fit and slide upon 
the guide-surface on the engine-bed. The connecting-rod is of 
simple form, and is sufficiently showTi in Fig. 3. except that the 
device for adjusting the >\Tist-pin bearing is not made clear; this 
also will be given later. The piston-slide and the connecting- 
rod together constitute the "reciprocating parts" of the engine. 
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U high speeds, the mertia-forces dim to their alternate rapid 
cceleratiuns in oppositf* directiuns have a ronsiderable effect 

i|K>n the force-action in the engine* 

(e) Shaft and Wheels. — ^The detail of the crank-ahaft and 
ilieels is well shown in Fig, 5. The shaft is? one stolid piece, and the 

reii5M:>n for the name ^'center-crank" Ls at once apparent. The 

crank-disks are separate pieces, fasteneil to the shaft simply for 
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¥w. 4. — C'rcuflfi-seetion thruugli I'^ame. 



Ihe purpose of carrying the* hea\^ fan -shaped weights opposite 
the erank^pui. The centrifugal force of these coimt-er weights acts 
ainst the inertia of the reciprocating-parts, bo as greatly to dimin- 
ish the free force tending to shake the eiighie on its foundation. A 
ili^tinctive feature of thi^ type of engine is the ver}^ large bearing- 
urface of the crank-pin and of tiie shaft-jonrnafe. The heavy 
y*wheel8 steady the running of the engine and also serv^e as belt- 
piille>*s. 

{/) The Frame or Bed. — As to the framework of the engine, 

e ilistingiiish the engine-bed proper and the sub-base on which 

t reista, and which in turn its bolted to the fovmdation. This engine 
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k aaid to be "self-contained " because it is of such a form — all on one 
rigid base—that it might be picked up bodily, as by a traveUing- 
craiie, without displacing any of its parts* The design of a com* 
plex casting such as the be<l of an engine of this class is very much a 
matter of skilled judgment. This particular design shom"s wry 
graceful fiuHriir^ and a judicious distribution of the metal. 




PlOt 5. — Croas-sectron througU Mahi lieiirings. 

(f/) 1*11 ii! ( S r.1 N uv.n AND Va lv IX "HEt^T*— The sectional views given 
to Hg*. I* nnd 7 arc cBpecially intended U^ show tlio fonn nf the 
v#|vi* mill tif lh«* KUmin-passages, This particular slide-valve is of 
ruthitr n i'inii|jlr\ form, thmtgh essentially the sume m tlie plain 
VrtUi' umid ill l\^^, K ittitl 11; but its acti<m in aihuitiing steam t^^ 
urn utid mI tlin rylinder while pennitting free exliaust friHu llu- 
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other end is clearly sho\Yn by the arm-a^ in Fig. 6. This is what 
m calleil a balanced valve: it works between the plane surfaces of 
the valve-seat on the cylinder and of the heavy balance-plate, 
with a fit which, while permitting free movement^ is yet so close 
that st^SLin cannot leak between the surfaces. The balance-plate 




b. — 1 i u I'iz ! julal Jdec t i an uf Cy 1 i 1 1 d en 

b held out by distance-strips, at top and boltoin, which are a 
few thousandths of an inch thicker than the valve. All the sur- 
faces must be very truly finished; and the plate is made very 
heav>' and stilT in order that it may not spring under the pressure 
of the steam on its back, and grip the valve. By the use of this 
device, the valve is relieved of the steam-pressure which forces a 
plain valve hard against the seat, causing great friction and rapid 
wear. 

(h) The SxEAM-PASi^rvnKs,— The live steam, coming from the 
stcani-pipe through the throttle-valve, fills the valve-chest ail 
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short distance from the axis of the shaft and travelling in a circle. 
The eccentric-rod runs from this pin to the outer end of the rocker- 
ami, transforming rotary into rectilinear motion: the rocker-arm ^ 
best shown in Fig. 4, serves to transfer this motion from a line 
outside the wheel to one near the side of the frame; and its inner 
end drives the valve-rod. This particular form of rocker-arm is 
peculiar in its action: since the eccentric-pin moves in a vertical 
plane, while the pin on the rocker-arm moves in a horizontal 
plane, it is necessaty to use ball-and-socket joints instead of cylin- 
drical bearings, at both ends of the eccentric-rod. 

(/) The Governor. — The speed of the engine is controlled by 
the governor, shown in Fig. 2. Briefly stated, the principle of 
its action is as follows: The centrifugal force of the weight on the 
governor-arm acts against the pull of the spring. If the load on 
the engine is increased or diminished, it will slow down or speed 
up until the change in centrifugal force causes the arm to move in 
or out far enough to change the working of the valve so as to 
accommodate the power of the engine to the new load. This 
change in valve-action is secured by moving the center of the 
eccentric, with reference to a line fixed on the plane of the wheel; 
and its chief effect is to var>' the amount of steam admitted to 
the cylinder in each stroke, and thereby control the amount of work 
(lone per stroke. Being placed in the wheel or on the shaft, this 
is called a shaft-governor; and since the principal effect of its 
action is to change automatically the time in the stroke when the 
valve closes the steam-port, or ''cuts off" steam, this engine is 
called an "automatic cut-off" engine. 

§ 3. Valve Movement and Steam Action. 

(a) The Mechanism Simplified. — In order to find the relation 
between the movements of the two sliding-pieces in the engine, 
the piston and the valve, we use the method illustrated in Fig. S. 
Ilie two mechanisms, main and secondary-, are rei)resented by 
their skeleton outlines; and the second, the valve-gear, is simplified 
by bringing everything into one j)lano, replacing the rocker-arm i 
by a simple slide-block. Also, for convenience, the section of the 
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the steam escapes while the piston is completing the forward 
stn)ke, the rest is expelled during the return stroke. In III., the 
dotted position shows fullest opening for exhaust, while the full- 




I 



I. 



t^- 




Fig. 9. — Valve Movement. 

line figure shows where the piston is when the valve, returning 
from the left, stops the exhaust. For the rest of the stroke, the 
port is closed; and the steam caught in the cyUnder is compressed 
into the clearance. 

(d) Thk Stkam Diagram. — ^The performance of the steam, 
c()nt rolled ])y and resultant from this valve-action, is best shown 
by a diagram like Fig. 10. The base-line MN represents the stroke 
of the piston, and any ordinate, as HG, gives the pressure which 
exists in the cylinder when the piston is at a position in its stroke 
corresponding to that of (J on MN. Diagrams of this sort are 
drawn automatically by an instrument called the Steam-engine 
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^iiealo^, 'vnich is illikitraretl in Fig. 11. This instrument com- 
.itr^ :;ie -wii :" mictions of measuring the pressure, or getting the 
n^ni -4" I lie •^niinate Hii. and of locating this ordinate on the 
:iA;rAm. ''"•»r the tirst. there is the piston 8 to receive the pressure 
■•'111 UK* rii>cuie-4'ylinder, and the spring to measure this pressure 
\ . > :ir\ii«t ct»niprt»ssion: together with the pencil-mechanism, 
.1.11 ij» •! i>itves 13, 14. lo. and 16, which magnifies a small piston 
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the latter is at its extreme position^ together with the volume of 
the steam-port. The pressure at A is iieariy that of the ste^m ifi 
the boiler; but it drops off toward B because the gradual closing 
nf the port chokes the entering current* 

{/) The STEAM-c'V{*t.i-: Completed. — From B to C there m expan- 
sion of the steam enclosed in the cylinder, as already stated. The 




I^C, 11. — The ('pnshv Indirntor, 



two parts of the exhaust are shown 1>y the drop of pressure from 
C to I>, followed by expulsion at nearly comtant pressure along DE. 
Compression from E to V\ raising the pressure in the clearance 
part way up to that of the fresh steam, eomplctes the cycle. In 
describing Fig* 9, we considered fvnly the left or head end of the 
c^'Uiider; there 13, of course, a similar action in the other, the erank 
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<^ii(l. It is to 1)0 noted that the diagram in Fig. 10 does not corre- 
s])ond, in the timing of it« events, with the valve-action shown in 
Fig. 9. 

(f/) Mkasurkmkxt of Powkr of Exgink. — I'he steam diagram, 
besides showing how the valve is working and furnishing part of 
the data for a discussion of the thennodynamic beha\4or of the 
steam, also gives a mejisurement of the ])ower developed by the 
engine. Since the abscissa represents distance moved by the piston, 
and the ordinate i)ressure acting, the area of the figure represents 
work. 

(//) Divisions of thk Stiukct. — ^The preceding general descrip- 
tion of ih(» steam-plant and of the engiiu* forms a sufficient introduc- 
tion to the (lctail(Ml study of the several ])arts of the subject. This 
will follow the lin(^ already laid out, taking up first the relations 
between work and heat, then t\\r nuvhanics of the engine — the 
latter including the action of the forces in the machine and the 
working of the auxiliary' incrhani.sms. the valve-gear and the 
governor. With this will be given a systematic descripticm of 
the s(»veral j):irts of the apparatus, with r(»pri*s(*ntative examples of 
difTerent types of (U^sign in each (h^partment. 

§ 4. Classification of Steam-engines. 

(d) Skrvick. - Steain-(»ngines may be classifi(Hl according to 
service, general form, mechanical featun^s, and the manner of 
using th(* steam. As to service, wv have first tlie great variety 
of stationary engin(»s, us(h1 for driving machiiu^r}' by means of the 
difTerent kinds of ])ower-transmission ai)i)aratus, or more dire<'tly 
applied to such work as turning ehrtric gencTators, or hoisting- 
<lnnns at inin(\^, or metal-rolls in mills: an even more diriH't and 
. intimate conil)ination of prinuMnover and load is found ui steam- 
j)unips, blowing-engines, and air-com])r(»ssors. The locomotive 
type including the trai't ion-engine and the steam automobile — 
forms another class; and the marine i^ngine a third. 

(h) ( >Tiii:i{ Hasi:s()f ('lassifk ation*. — As to general form and 
mechanical features, the engine may b(* horizcuital or vertical or 
of special shaj>e: and may hlive one of s(»veral dilTerent styles of 
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framework. Besides the usual form of the main mechanism, there 
are several other types of construction, of which the oscillating 
engine is, perhaps, the most distinctive. The engine may be 
single or complex — ^in the latter case, having two or more complete 
engines combined in one, these elements being either simple or 
compound; thus in pumps and in locomotives duplex compound 
engines are quite common. The t>T)e of valve-gear and the kind 
of controlling apparatus likewise form grounds of distmction, as 
also the question whether the engine runs in only one direction, 
or reverses. 

(c) Different Ways of Using the Steam. — In the matter of 
steam-working, engines may be either simple or multiple-expansion; 
that is, the steam may pass through only one cylinder, or through 
several cylinders, of increasing size, in succession. There is great 
variety in the arrangement of the cylinders of compound engines. 
The distinction between condensing and non-condensing engines 
has been already pointed out. 

(d) Rotary Engines and Steam Turbines. — ^It is to the engine 
with the usual device of cylinder and piston for utilizing steam- 
force that the name steam-engine is commonly applied. Other 
forms of the steam machine, the rotary- and turbine classes, are 
known by their distinctive names. Thermodynamically, they 
perform the same function, though with some modifications in 
the operation; mechanically, they ver}^ properly fall into entirely 
separate classes. 



CHAPTER II. 
ELEMENTARY THERMODYNAMICS OF THE HEAT-ENGINE.- 

§ 5. Heat and Work. 

(a) The First Principle of Thermodynamics is that heat- 
energy and mechanical work are mutually convertible, one into 
the other, in a definite quantitative ratio. 

Of a certain amount of mechanical work or cncrgj^ the whole 
may, with a suitable apparatus, be transformed into heat; but 
the complete reversal of this operation is not possible. That is,, 
of a given amount of heat-energ}\ made available for instance by 
the combustion of fuel, it is inherently impossible to transform 
more than a certain fraction into mechanical work. The primarj' 
object of this discussion will be to determine the character and 
the limits of the thermodynamic process which will give the maxi- 
mum proportion of heat-transformation. 

An apparatus for converting heat into work is called a heat^ 
engine; and in every heat-engine this conversion is effected through 
the action of an expansive fluid or working medium, which alter- 
nately expands and contracts as heat is given to or taken from it. 
Since air, which is practically a so-called ^'perfect gas," follows 
very simple, logical laws — far simpler than those governing the- 
behavior of steam — it will be used as the medium in establishing 
the principles of working of the ideal heat-engine. 

A concise statement of the physical facts and laws underlying 
the discussion will first be given — but without any description of 
the manner or of the history of their establishment. 

(h) Facts as to Heat. — Heat is a form of energy'. As existent 
in sensible form, in material bodies — the only form in which it is 
directly measurable — it is believed to consist in a vibratory motion 

20 
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of the molecules of the body, and is then a fonn of kinetic energy. 
Intensity of heat-energy is measured by the temperature of the 
substance in which it is stored. The quantity of heat contained 
in a given body, above any certain reference state, depends upon 
the quantity of the substance, its unit-capacity for heat, and its. 
temperature. 

Temperature is so nearly a fundamental idea that it can hardly 
be defined in terms of anything simpler than itself. Since the 
first manifestation of a difference in temperature between two 
bodies — that on which depends our sense of heat — is a tendency 
of the heat to pass from the hotter to the cooler body, or from 
the more intense to the less intense state, temperature may be 
expressed as "the thermal state of a body, considered with refer- 
ence to its power of communicating heat to other bodies." This 
makes it an entirely relative matter, until some standard reference 
condition has been chosen, as in the development of the thermom- 
eter. 

(c) The M?:asurement of Heat. — It is not difficult to imagine 
a temperature-scale on which every degree shall represent the 
same change in heat-intensity. Actual thermometers only approxi- 
mate this ideal heat-scale. Thus if a mercury thermometer were 
heated in comparison with an ideally correct instrument, its read- 
ings, which are based on the uniform expansion of mercury, would 
be found not quite to agree with those of the standard; this chiefly 
because the mercury does not really expand quite uniformly with 
rising temperature. The ideally correct thermometer is based 
on the expansion of a perfect gas. 

The unit of temperature which we shall use is the Fahrenheit 
degree, and the unit of quantity for heat-measurement is the 
British Thermal Unit: this B.T.U. is the amount of heat required 
to raise by 1® F. the temperature of 1 lb. of water at about 40® F. 
That is, the heat-capacity of pure water at this temperature is 
taken as unity; and the heat-capacity of any other substance (in- 
cluding water at other temperatures), per pound and per degree 
F., expressed in terms of this unit, is called its specific heat. In- 
stead of ''British Thermal Unit " we shall use Heat Unit as a shorter 
name, with the abbreviation H.U. 
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This symbol -4, carrying the same meaning all through our 
thermodynamic discussions, and having the value l-^778 or 
.001285, is really the heat-equivalent of work. 

When the statement is made in (a) that only a part of any given 
quantity of heat can be converted into work by a heat-engine, 
nothing is implie<l against the constancy and the reversibility of 
the ratio of conversion just given. Of the total heat supplied, a 
part is changed into work in the ratio of 1 to 778, the rest is re- 
jected as heat: and this heat rejected is usually by far the larger 
part of the heat supplied. 

§ 6. Heat-behavior of a Perfect Gas. 

(a) A Perfect Gas is one which is so far from its point of 
liquefaction that it follows exactly the simple laws set forth below. 
Air, its component gases, and hydrogen are, for all practical pur- 
poses, perfect gases throughout the range of ordinary temperatures, 
even though certain very minute irregularities in their behavior 
have been found by extremely precise experimentation. The 
physical criterion of a perfect gas is, that its molecules shall have 
absolutely free motion, with no attractive forces exerted between 
or among them. The molecules are supposed to be in constant, 
rapid, rectilinear motion, rebounding as they impinge upon each 
other or upon the walls of a confining vessel ; the distances between 
them being indefinitely large in comparison with their own dimen- 
sions. Then the effect of imparting heat is to increase the mean 
velocity of the molecules or to augment their kinetic energy. 

(6) The Three Primary Law^s for perfect gases, first discovered 
by experiment, but capable also of deduction from the theory as 
to the constitution of a gas which they have helped to develop, are 
as follows: 

The Law for Constant Pressure, — If a portion of gas be heated 
and its pressure kept constant, the temperature and the volume 
will increase together at a constant relative rate. 

The Law for Constant Volume, — If a confined body of gas be 
heated and its volume kept constant, the temperature and the 
pressure will increase together at a constant relative rate. 
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. i* >p()rtions, laid out to scale, are for one pound 

.: I '. and at atmospheric pressure — is supposed 

a t^ylinder: in one case the piston is allowed 

' t\ constant resistance, as the gas is heated; in 

1 ]»islun is held fast. 

TLATIOX BETWEEN TeMPERATXJRE AND VOLUME, 

t pressure, is further set forth in Fig. 13. If we 




^^ Fig. 13.— The Absolute Zero. 

T the volume at freezing-point be unity, then Vi = 1.000 for 

^2^ V. : and it has been found by experiment that the volume of 

^+hp same weight of gas at 212° F. will be 1.366. These volumes 

being laid off at OA and BC, the first law is represented by the 

straight line AC; and the increment of volume per degree in terms 

of the volume at 32®, or the coefficient of expansion, is 

a = 0.366 -^ 180 = .002033 (4) 

Now the volume v at some temperature t will be 

MN = MP+PN, 
or 

t; = Vi+a(^-32)Vi; (5) 

where it appears that the increment of volume (v—t\) bears to tlfe 
increment of pressure (^—32) the constant ratio a or .002033. 

Example 1. — The volume of 1 lb. of air, at standard atmospheric 
pressure and at 32** F., is 12.385 cu. ft.; what will its volume be at 
400° F.? 

Substituting in Eq. (5), 

i;= 12.59(1+ .002033X368) 
= 12. 39X 1.748=21.66 cu. ft. 
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Again, at — 40° F. the volume will be, 

i;=12.39[H- .002033(-72)] 
-12.39 X .854 = 10.58 cu. ft. 

(e) The Absolute Zero. — If now we produce the straight line 
CA until it cuts the temperature-axis at Z, we have there a new 
zero-point such that, if the temperature be measured from it, 
then the whole volume MN will bear to this temperature MZ the 
same ratio that the increment PN bears to OM, the rise of tem- 
perature above the first starting-point at 0. The point Z is called 
the absolute zero, and from it absolute temperature is measured. 
The distance OZ is 1.000-r- .002033 =492^: that is, on the Fahren- 
heit scale the absolute zero is 492® below freezing or 460*^ below 
0*^ F. Using t for common temperature and T for absolute, or for 
d^rees AF., the relation between the two systems is 

r=^ + 460 (6) 

Another argument for the absolute zero, based directly on the 
statement of the law for constant pressure, is, that if the gas con- 
tinue to contract as heat is abstracted, with a constant decre- 
ment per degree, a point will at last be reached where, all the heat 
having been taken from the gas, its volume will be ^reduced to 
zero. Since the actual physical performance of the gas would be 
somewhat as indicated by the dotted line in Fig. 13, namely, 
liquefaction at L and then very slow contraction, it appears that 
the idea of the complete abstraction of heat at absolute zero is 
not rigorously established by this argument. 

This deduction is then essentially the same as the more purely 
mathematical proof given above: in both cases we extend indefi- 
nitely the conditions existing at ordinary temperatures, and find a 
point which has a very important relation to the behavior of the 
gas over its range of "perfect" action. 

(/) Volume and Absolute Temperature. — Eq. (5) can be 

put into the form 

v = v,[l+a(t-32)]. 

The corresponding formula with absolute temperature is 

v=-i\aT (7) 
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This can be derived geometrically from Fig. 13; for 

MN : OA : : ZM : ZO, 
or 

v:v^::T:T^::aT: aT^; 

and aTj = .002033 X 492 = 1 . Again, by substitution, since a = 1 -^ 492, 

l+a«-32) = l+'-^=^«+460)=ar. 

Eq. (7) may further be put into the form 

J=C or f =||-, (8) 

in which shape it is most convenient for finding the relation be- 
tween volimies at any temperatures. 

Example 2. — Derive from Eq. (7) an expression for the volume of 
1 lb. of air under atmospheric pressure at any temperature. 

We have only to substitute the particular value v^^ 12.39 to get 

r=.00203Xl2.39r = .02518r (9) 

Example 3. — A receiver of 40 cu. ft. capacity is filled with air at 

60° F. and a pressure p: how much must be allowed to escape in order 

that the pressure shall remain unchanged when the air is heated up 

to 200° F.? 

t?j = 40 cu. ft. v,= ? 

^^ = 520°. ^,=660°. 

660 
v,=40x^=40X 1.269=50.76 cu. ft. 

in 7fs 
Of this, 40 cu. ft. remains in the receiver, and the fraction g^^=.212 

of the original quantity escapes. 

Example 4. — By what fraction of its volume will a body of gas, 
measuring v cu. ft. at «° F., increase when heated 1° F. at constant pres- 
sure? 

The volume at t being v, that at 32° would be 

V 

^*~"i+T(«^32)' 
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The increment per degree is then 

a 1 492 1 



Or, using absolute temiKiratures from the first, 



T 1 



(10) 



(g) The Law iron Constant Volumk is expressed by formulas 
cxac'tly sunilar to those for the first law: we have, 

for (5) p=Pi[l+a(/-32)]; (11) 

for (7) p=p,ar (12) 

And if we wished to got i)rossure directly in pounds per square 
inch instead of in atmospheres, we should have, for the particular 
nisi» where the gas just filled the confining vessel at 32^ and one 
iitniosphero pressure, 

p=.0()2()33X 14.77'=. 02997' (13) 

{h) VuK Third Law is ox]^resse<l by the etiuation 

pi=C or pr = pi?'„ (14) 

und is nrjiphicully represented l)y the curve called the equilateral 
hvpcrholii, shown in Fig. 14, where a convenient construction for 

' \ 




bV;. n. — Tho Eciuilatorjil Hyporlwla. 

u! w i> driven. Ihiviiig the rctVronce-axes OP and 
• ' \ Enough wliich the curve is to ])ass, we draw 
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through A the lines AD and AE, parallel to OV and OP: then 
drawing from the origin any radial line to cut these auxiliary 
axes at C and D, and completing the rectangle ADBC, we deter- 
mine the point B of the curv^e. For, in the similar triangles DOF, 
COE, 

DF or AE : CE or BF : : OF : OE 
or 

Pi : p : : V : t'l, 

which satisfies (14). 

An operation which takes place at constant temperature is 
called an isothermal operation; and the curve drawTi in Fig. 14 
is the isothermal curve of a perfect gas. 

(i) The General Law. — In these three laws is given the rela- 
tion between any two of the three variables p, Vj and / or T, when 
the other is kept constant. From the three expressions, 

|- = C^(8), ^^C (12), and pv=C (14), 

it is self-suggestive that the general law must be 

?=C,* (15) 

this, if for no other reason, because each of the particular laws 
can be directly derived from this general equation. 

A more strictly logical deduction of this law is as follows : 
Suppose that we have a unit-weight of gas under the condi- 
tions Pi, t'l, and ^1, represented as to pressure and volume by the 
point 1 in Fig. 15: and another equal weight, under the conditions 
p,, 7?2, and ^2 at 2. Now abstract heat from gas-body No. 1 at 
constant pressure, cooling it dowTi to freezing-point or t^: then 
the volume will become 

* This symbol C is used simply to represent an undetermined constant, 
different in each of the several expressions. 
t Read, **v sub one zero." 
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Substituting in (15) a particular set of values, we get the con- 
stant C as fellow's : 

For 1 lb. of air at 32® and atmos. pressure, Pq=14.7 lbs. per 
sq. in., Vo= 12.385 cu. ft., ro=492°; then 

Tyv_ p,v, 14.7 X 12.385 _ 

Y—77 492 '^^^^^' 

or 

pv=.37T (17) 

Example 5. — If a receiver of 32 cu. ft. capacity is filled with air 
at 80 lbs. per sq. in. pressure and at 96° F., what weight of air does it 
contain? 

For 1 lb. of this air the "specific" volume is, from (17), 

.37X556 „,^^ 
17= — — — =2.572 cu. ft.; 

oU 

then the weight of air in the receiver is 32-4-2.572= 12.44 lbs. 

(;) The General Equation pv=CT, having three variables, 
can be geometrically represented only by a figure of three dimen- 
sions. This is shown in Fig. 16: it is a curved surface whose sec- 
tions by planes parallel to the pv-plane are equilateral hyperbolas; 
while planes parallel to either the vT- or the pT-plane cut the sur- 
face in straight lines. In the figure, ACOB (two straight lines) 
is the limiting isothermal curve at 0® AF., while AiCiB^ and A2C2B2 
are the curves at 32° F. and 212° F. respectively. Then the 
figure OOiOjDjDi, on the vT-plane, is exactly similar to Fig. 13. 
Of course, a series of isothermals, all projected upon or drawn in 
the same plane, and each numbered ^ith its degree, would be of 
more use than this *' solid" figure, which is shown merely for 
illustrative purposes. 

(k) Theoretical Derivation of the Law for a Perfect 
Gas. — From the theory as to the mechanical condition of the mole- 
cules of a perfect gas stated in (a), together with the experiment- 
ally established fact that the specific heat of such a gas is coastant 
for all temperatures, the general law set forth in (i) can be logi- 
cally derived. 

The total heat-energy in one pound-weight of gas, which may 
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be thought of as put into the substance by heating it up from 
absolute zero, and in virtue of which the molecules have a kinetic 
energy proportional to the average velocity w, is 

The pressure which the gas exerts upon the confining surface 
(or anywhere within its own substance) is due simply to molec- 
ular impact, which is supposed to take place imder conditions 
of perfect elasticity. The intensity of this pressure is propor- 
tional to the product of the force of each impact by the number 
of impacts within a unit of area in a given time. Of course, these 
impacts are so numerous and individually so small in energy that 
their sensible effect is a truly "static" pressure. If now we let 
/ be the force of the impact and n the impact-rate, then the pro- 
portionality just stated is expressed by 

p oc fn. 

Think of the molecules as minute spherical bodies in rapid 
rectilinear motion: then the simplest cases of impact are when 
two molecules meet and rebound in the same straight line and 
when a molecule impinges squarely upon an element of the con- 
fining surface. At the instant when the moving mass has just 
been brought to rest, and before the reversed motion begins, the 
kinetic energy has all been absorbed in work of elastic compres- 
sion. Of the two factors of this work, the force has varied uni- 
formly from zero up to the maximum, so that the mean value is 
just one-half this maximum; and the compression distance is 
directly proportional to the maximimi force; wherefore the prod- 
uct depends upon /*: and since the kinetic energy to which this 
work is equal depends similarly upon w^, we see that the force 
of the impact is proportional to the velocity of the moving body. 

For a given number of molecules per unit of volume, moving 
with a certain velocity, the number of impacts per unit of area 
and of time is arrived at as follows: — ^The mean linear dimen- 
sion of the space occupied varies as the cube-root of the volume, 
and the surface as the two-thirds power of the volume. The 
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Fio. 16. — Geometrical Representation of the Law pv=^CT, 



rate of impact will vary directly as the velocity and inversely as 
the distance and as the surface; expressing these relations mathe- 
matically, we have 
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To be strictly correct, the kinetic energy of the molecules is 
proportional, not to the square of their mean velocity, but to tho 
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mean of the squares of all the velocities. To prove that the abso- 
lute temperature is proportional to this mean square is a difficult 
feat of mathematical physics. But it is apparent that the impact- 
force and the kinetic energy of the molecule being similar functions 
of the individual velocity, the smnmation effects ought likewise 
to be similar. 



§ 7. Simple Thermodynamic Operations with Gases. 

(a) Effects of Heat. — ^When heat is imparted to an expan- 
sive substance, with accompanying changes in pressure and volume, 
there are three ways in which the heat may be used or applied; 
these are: 

First, in chan ing the temperature of the body: that is, the 
heat is directly stored in the body, in the form of increased thermal 
energy of the molecules, and without any change in the condition 
of the heat itself. 

Second, in doing internal work in overcoming molecular forces 
or attractions. Since such work effects changes in the relative 
arrangements of the molecules, it is also called disgregation work. 
In perfect gases, where there are no molecular attractions, this 
work is zero. J3ut where there is a change of state, as from liquid 
to vapor, disgregation work is of predominating magnitude. Heat 
used up in this manner changes from the state of active energy 
to that of passive, potential, or stored energy; ceasing to be sen- 
sible heat, but ready to reappear in that form whenever the con- 
ditions are suitable for its escape. 

In both these methods of expenditure, the heat is to be 
thought of as doing internal work in or upon the body. 

Third, in doing external work, whenever the volume changes 
against an external pressure equal to the internal stress or pres- 
sure in the substance,* by overcoming the resistance of the 
confining surface, of whatever form, through a certain distance. 
The heat thus used definitely ceases to exist as heat, being 



* The full meaning of this proviso, and its practical bearing, will be brouglit 
out later. 
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transformed into mechanical work or energy: but is also capable 
of reconversion by a reversal of process. 

We will now consider the thennal relations and quantities 
involved in the several simplest and most important operations 
mih gases, using air as an example and giving the numerical 
values involved. 

(6) Expansion at Constant Pressure. — ^When air is heated 
and expanded under constant pressure, the heat which must be 



5000 




'5 ^"0 

Fig. 17. — Expansion at Constant Pressure. 

imparted in order to raise 1 lb. of air 1® is, as determined by 
experiment, .2375 H.U.; this specific heat at constant pressure 
we call Cp. Then for the process represented in Fig. 17 the total 
heat imparted is 

Q-c^(t,-Q* (18) 

The amount of external work done is 



and substituting from (17), we have 

U^ 144X .37(T2- 7\) = 53.3(7^2- TJ. 



(19) 



(20) 



That is, for each degree that the temperature is raised, 53.3 or 
R ft.-lbs. of external work are done by the gas. 

♦This fonnula, as all those involvmg volumetric or thermic quantity 
which precede or follow, is for the unit weight of gas; for any weight G, 
(18) would take the form 

The volume r of 1 lb. of gas under any conditions is called its specific volume. 
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Subtracting this external work from the total heat, we get the 
rate of heat-expenditure for internal work to be, 

53 3 

c,, = r^ - . 1 ft = .2375 - ^ 



— o 



.2375 -.()0<S5 -.1600 (21) 

(r) The PRES.suKK-v()LrMi: .Measuke of Wohk.— The method 
usoil in K(|. (19) for expressing work is leased on the follo>\*ing 
considerations: 

If we imagine the body of gas to l>e enclosed in a cylinder 
with an area of cross-sect i(»n (or of piston) of 1 scj. ft., then every 
cubic f(K>t (»f v<»hnnc-change will cause the piston to move 1 ft.; 
anil this movement will be against the pressure per scjuare foot, 
144/) or P: evidenlly, then, PX (r,- rj meets literally the definition 
of work as force X<listance. Hut it is also apparent that changing 
the size of the piston, which, for a given weight of gas, would vary 
the fon*e upon the |)iston in hiverse rfitio to the distance moved by 
it» would not duuige the product Pv: so that, having used the 
simplt^t case to i^tablish the idea, we see that the result would be 
the siiiue for any ilinicnsious, or for other methods of confining 
the cas t^vcn for a i>ortion of fnv air, confineil simply by the 
surrnuulinu atinos|>hcro. In this /^-method of computing work, 
all n\oa>unMnrnts must be nuuh* in t<Tms of the factors of the 
vw^rk in\it. liuis in the foot-ixumd system, pressures must be in 
iK<. :\\\y\ on llie sij. ft., anil volumes in cu. ft. Using kilogram- 
tv.ctcrs. pn^>^^un^ nni^t \h^ va kg. per si). m., volume in cu. m. For 
IKx. |vr M| tt. \\(^ vh:dl regularly use the symbol P, putting Kci. (17) 
liito ?!\c form, for work computation, 

/' nr o3.37' (22) 

TwNOM r 1 \ r{ \ \h. of" .lir at UW F. and atmospheric pressure be 
V'w'ANi tx» \Hr hnd \m1u«- \ov total hoat, external work, and internal 

tv tvM »i i»« .»t \. '\:^ HH) j;v7."> ll.r. 

\tv ?t\jo d \olnini I . 

, r .;'> . 1 ».io cx\. ft. 
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and the increase in volume is 

T — T 100 

r,X^!-y^- 14.10X^^ = 2.518 cu. ft. 

The pressure b 144x 14.7 « 21 17 lbs. per sq. ft.; then 
t;=P(t;^-vJ = 2117X2.518 = 5331 F.P. 
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Finally, 



AU^ 5331 -^ 778 = 6.85 II.U. 
/=<?- ^C/= 16.90 H.U. 



{d) The Specific Heat for Internal Work, c„ in (21), is 
also called the specific heat at constant volume; because in heating 
under this latter condition, all the heat imparted to the gas goes 
to doing internal work or raising the temperature. A most impor- 
tant fact about this internal work is that it depends only upon the 
initial and final temperatures, and not at all upon the character 
of the process through which the gas passes. Always, then, the 
•change in internal energy, and the heat supplied to produce it, 
are 

/=c,(/3-0 (23) 

(e) Isothermal Expansion. — Consider now what happens when 
B portion of gas expands isothermally in a cylinder, from v^ to v,, 



T=eoa^r 



5oqo 




Fig. 18.— The Isothermal Curve. 



at the temperature T. Since T^ does not differ from T^ the 
internal work is zero. The external work is represented by the 
area under the cur\'e, between the limiting ordinates lA and 2B 



38 THERMODYNAMICS OF THE HEAT-ENGINE. (Chap. IL 

in Fig. 18. The element of work, for a change of volume dv, is 
evidently Pdv: and the total work is fPdv between the limits 
V, and Vj. The equation of the curve being 



we have 



whence 



or 



>=^t 



rPdv^P,,r'i-P.v,lo^^^ 



t/«Pt;loger, (24) 

where r is the ratio of expansion, always a number greater than 
unity (therefore the inverse ratio of compression), imd equal to 
either VJ-^Vl or 'Px'^Vi- Then substituting from (22), we have 

V^RTXof^T (25) 

Now all the heat that need be supplied is that required for 
doing this external work; for 

-O+ilAriogef (26) 

In the reverse operation of compression, work is done upon the 
gas, and heat must be abstracted in order to keep the temperature 
from rising. 

A table of natural or hyperbolic logarithms, for use in this 
calculation, will be found in Table I., col. 3. The relation to 
common logs is 

loge r= 2.3026 log r (27) 

Example 2. — A cylinder 2 ft. in diameter and with the piston 1 ft 
from the cylinder-head is filled with air at 80^ F. and 3 atmos. pressure: 
what work will be done in expansion to three times the initial volume? . 
Here P^^SX 144x 14.7=6350 lbs. per sq. ft.; 
v, - 3.1416 cu. ft.; 
r-3; lege r= 1.0986. 
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Then 17-6350x3.142x1.0986 

-21,916 F.P. 
And 21,916-5-778-27.2 H.U. must be supplied to do this work and 
keep the temperature constant. 

(/) Graphical Representation of Work. — ^In Fig. 18 we 
have an example of the Pv method of representing work, applied 
to the ease of variable pressure. For the actual curves given by 
heat-engines, and drawn by the indicator, mechanical int^ration, 
by means of the planimeter, is generally used. Having found the 
mean pressiure acting through any change of volume, we use the 
general method 

U^P„,(v,^v[) (28) 

Or, we mky work out a scale of relation of work to area, like 
that shown in Fig. 18, and midtiply the area-measurements by this 
scale. 

(g) A General Law of Expansion, which has some impor- 
tant applications, is expressed by the equation 



pt^=C, 



(29) 



where the index n takes particular values for different cases. 
For this curve. 



-r— ^■•■■■r^ 



l-n 



P,i'i«[t',»-"-»,»-»] 



.■j^-^[P,r,»v,i-»-P,t),»r,i— ] 



P.t'.-P,t>, 
n-1 • 



Putting this in terms of T, by (22), we have 



U=- 



n-l 



or 



n— 1 



(30) 



(31) 
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Now from (21), i4/2=(Cp— cj, whence, 

X[/=(VifH)(ri-J^ (32) 

n— 1 ^ ' 

As always, I^c^iT^-T^). Then 

Q^AU'\-I 

(cp-nc,){T,^T,) 

'^ n— 1 

(&) Adiabatic Expansion. — ^The most important particular 
case under the above law is that in which no heat is given to or 
taken from the gas as it expands or is compressed. ThenQ=0, 
and from (33) we have 

(c^-nc,)(7^i-r2) = 0. 

Now Ti and T^ cannot be the same, therefore we must have 

Cp-nct.=0, 
or 

n=^=fc (34) 

The equation of this " adiabatic '* (no transfer) curve is then, 

jn^ = C; (35) 

and the value of fc, see (21), 

^=:l?=i-^ (36) 

(i) The Adiabatic Curve is drawn in Fig. 19 for a consider- 
able range of expaasion and of compression, with the isothermal 
dotted in, through a common point A, for comparison. In expan- 
sion without heat-supply, the gas docs work at the expense of its 
internal energy and loses temperature, and the curve drops below 
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the isothermal: conversely, in compression without heat-rejection, 
the external work done upon the gas adds itself to the internal 
enei^gy, and the temperature rises. Comparing the two curves 
of expansion, we have that for a given volume, as OT, the point N 
on the adiabatic represents a smaller pressure in the gas than the 
point R on the isothermal; and that after expansion to a certain 
pressure, as OS, the gas under isothermal condition fills a larger 
volume than does that expanded adiabatically. 

(/) Drawing the Exponential Curve. — The task of drawing 
an adiabatic or any other curve of the form jnf^ = C, if it involved 
the calculation of a series of co-ordinates directly from the equa- 
tion, would be very laborious. To facilitate this operation, a 
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Fia. 19.— The Adiabatic Curve. 

series of ratios is given in Table II., by means of which the ordi- 
nates can be found by simple multiplication. In expansion, we 
take V as the independent variable, locating a series of ordinates 
at intervals. of one-fourth of the original volimie Vi, or of CA in 
Fig. 19; then by multiplying the initial ordinate AB or Pi by the 
factors in the table, we get the lengths of the successive ordinates. 
Thus in Fig. 19, as drawn, AB was 2.665", representing 5330 lbs. 
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After the meaning of the exponent k has been established 
as in (34), we use c and kc instead of c^ and Cp. Note the jreversal 
of algebraic sign in the expression for /: the internal work is of 
course a negative quantity in this case. 

Example 3. — A cylinder 2 ft. in diameter has the piston 1 ft. from 
the head, and Ls filled with air at 3 atmos. pressure and at 80° F. : if 
the air is expanded adiabatically to 3 times the initial volume, what 
will be the final pressure, the final temperature, and the external work 
done? 

First, p, = 44. 1 lbs. per sq. in. log J = - I + .52288 



p,= p, (^) 1.406 log i = - 1.406+ .73517 

= 1.32917 

/I \ 1.406 

= 44.1X l^j log 44.1 =1.64444 



= 41.1 X .2133 = 9.410 logy), = 0.97361 

as compared with 14.7 after isothermal expansion through the same 
ratio. 

It is rather simpler, as a numerical operation, to put the expression 
for Pj, into the form 

for we thereby get rid of the negative characteristic of log l^j : then 

log 3 = 0.47712 log 44.1 = 1.64444 

1.406 log 3 = 0.67083 - 0.67083 

log P2= 0.97361 
Next, 

T^T r-i)"'^ log 3=0.47712 

» '\vj .406 log 3 = 0.19371 

= r, -^ r*- 1 log 540= 2.73239 

= 540^3-^°® -0.19371 

= 540-^1.5621 = 345.7° AF. = - 114.3° F. log T,=2.53868 

To find the external work by (30), we have 

^. ,,, 44.1X3.142-9.41X9.425 
f^ = 144 ^Qg 

,,,138.55-88.69 

= ^^ ^06— 

^144X|^6^^^^^3^,p^ 
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j)er r^[. ft.; ami the distances measured up from 
the successive ordiiiates were as follows: 

-=1.25 1.5 1.75 2. 2.2 

-^=.7:^07 .5055 .4553 .3774 .311 

Pi 

7; =1.947 1..5()7 1.214 1.006 .8.' 

For ooinpn^rssion, p is taken as the independ( 
valu(»s fn)in cohinin 10 of the table are used. 

(k) Adiahatic Tkmpkuatukk-uanuk. — ^To fi 
Ix'tween the limiting tem])eraturcs in an adu 
from Pii'i to PjI',, we proceed as follows: 

pjri* = pjr,*; .... 
factor this into the form 

7V'iXr,*-» = p,r,XVa*->, 
then substitute fmrn (22) and get 

/erjrit-»=ftr,v/-i, 

or 

Again, from (37), 



iAM 



H^'' 



and in tonns of pressures, (38) changes to 



r:-(g)"-(^> 



(0 External Work. — Sinoe, in t\r 
external work is equal to the 
mula for the latter ghrea t 
limiting tempemto 
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original condition. This continuity of process, or closure of 
cycle, is essential if the working of the engine is to be continuous. 

(c) In general, the major divisions of the cycle are, an expan- 
sion during which heat is received from some source at high tem- 
perature and external work is done; and a compression during 
which external work is done upon, or received by, the working- 
medium and heat is rejected to an outside body at low tem- 
perature. Each of these main divisions usually contains two 
distinct processes, and may contain more than two. 

(J) Using the terminology of the ordinary cylinder and piston 
engine, the cycle consists of an out- or working-stroke and a retum- 
or (impression-stroke. Obviously, it is desirable that, for a given 
amount of heat supplied, the effective difference between the positive 
work of expansion and the negative work of compression shall 
be as large as possible; for the ratio of this effective work to the 
heat received measures the efficiency of the heat-engine. Since 
the pressure of a given portion of gas, confined in a certain space, 
is proportional to the absolute temperature, and since the same 
range of volumes is passed through in both strokes, the evident 
requirement for high efficiency is, that the expansion shall take 
place at the highest possible, and the compression at the lowest 
possible, temperature. 

(e) If a maintained uniform high temperature of the source of 
heat is the upper limit, and if a similar constant temperature of 
the cold absorbing body or ^^ source of cold" is the lower limit, 
then it appears that isothermal operations at these respective 
temperatures best meet the requirement just stated. But besides 
expansion at a constant high temperature and compression at a 
constant low temperature, there must be a drop from the high 
to the low temperature in one part of the cycle, and a return from 
the low to the high in another. For these operations, the adia- 
batic process, involving no transfer of heat to or from the medium, 
naturally suggests itself. 

(/) This cycle — commonly called the Caniot cycle — is repre- 
sented in Fig. 20. The engine uses a confined body of air, which 
is alternately heated and cooled in the cylinder. All the surfaces 
in contact with the air must be thermally neutral, that is, must 
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have no capacity for heat; and all except the cylmder-head must 
be perfectly non-conducting ; the latter is a perfect conductor, but 
is provided with a cover of the neutral material. These condi- 
tions are imposed in order that adiabatic operations may be carried 




Fio. 20.— The Ideal Heat-engine. 

out. There is also a source of heat //, or heat-reservoir at high 
temperature; and a heat-receiver R, at low temperature: either 
of these can be brought into contact with the cylinder-head, for 
the isothermal operations; and it is understood that the heat 
can pass instantaneously to and from the air when a way is opened. 
Mechanically, we assume that provision is made for exerting a 
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force along the piston-rod always equal and opposite to the pres- 
sure of the air upon the piston, and for r^ulating the movement of 
the piston. 

(g) The description of the cycle shown in Fig. 20, with expres- 
sions for all the quantities involved, is as follows: 
Start with a imit weight of air at p^, v^, and T^, 
Phase I. of cycle: Isothermal expansion, at T^, from 1 to 2: 

Q,=AU,=ART,log,^. 

Phase II. Adiabatic expansion, along 23, from Tj to T,: 
P2V3* = p^vj^ ; and from (38) 






(41) 



0,1 = 0; 

f^"=fc?i(^i-^2) (see 31). 
Phase III. Isothermal compression, at T,, from 3 to 4: 

Qm = At/,„ = flr3loge5^. 

Phase rV. Adiabatic compression, along 41, from T, to Tj: 

p^vj^=^p,t\^; 

1 

(42) 
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received from a source at T: it would no more be possible to force 
the heat back into the source by the reverse operation of com- 
pression at constant pressure, than it would be to make water run 
up-hill. That the adiabatic process is reversible is self-evident. 

(/) The Argument from Reversibility, probably contain- 
ing more of logical deduction than any other statement of what 
is very nearly a fundamental idea, is as follows: 

Suppose that we reverse the working of the apparatus illustrated 
in Fig. 20, following out the cycle in the order 14321 : now a cer- 
tain amount of heat R^ is drawn from the receiver during the 
isothermal expansion 43, the effective work of the cycle is added 
to it, and the amount of heat H^ is rejected into the he^t-source. 
To drive this reversed heat-engine, or heat-pump, we employ 
another heat-engine, connected to the same source and receiver, 
drawing from the former the heat H^ and rejecting to the latter 
the heat R^ — and which is, if possible, to have a higher thermal 
efficiency. Assuming that there are no mechanical losses, the 
work done by No. 2 must be the same as that received by No. 1, or 

H2 — -R2 =™ Hi — R^, 

In No. 1, the quantities //j and R^ bear the same relation to 
each other and to the work of the cycle, whether the engine is 
operated in direct or in reversed order; then the efficiency of 
No. 1, as an engine, is 

And the efficiency of No. 2 is, of course, 

Now if it were possible for No. 2 to be more efficient than 
No. 1, we should have 

H, ^ H, ' 

Since the numerators are equal in these expressions, the inequal- 
ity could be produced only by making H^ greater than H2; this is 
manifestly impossible, for it would involve putting more heat 
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into the source than was taken from it, or a gradual transfer of 
heat from a cold body to a hot body, by a self-contained process. 

(fc) The Hydraulic Analogy.— There is a close analogy 
between the apparatus just described and an arrangement con- 
sisting of a water-motor set to driving a pump, where both work 
between the same levels. The best that any water-motor can do 
is to transform into useful work all the energy lost by the water 
in sinking from the upper level to the lower; reversed to a pump, 
this perfect motor would require for driving it only an amount 
of work just equal to that of lifting the water from the lower level 
to the higher. No more efficient motor can be imagined. 

The hydraulic analogy also applies to the efficiency deduced 
in Eq. (44) : the total potential energy of position of a portion of 
water is that due to its total height A^ above sea-level; if it is 
discharged from the motor at a level A,, the absolute efficiency of 
the operation is 

It will not do, however, to carry this analogy into the details 
of the respective hydraulic and thermodynamic processes. 

Example 1. — The particular numerical values used in laying out 
Fig. 20 are as f oUowg : 

As primary data, (using 1 lb. of air), 

r,-800°, r,=500°; i\ = 2.5, i;, = 20cu. ft. 

Then for Phase 1., pv = .37T, = 296, 

and for Phase III., /n'= .37^,= 185. 

Then p^ = 296 -^ 2.5 = 1 18.4 lbs. per sq. in. 
and 

;}j= 185-^20 =9.25 lbs. per sq. m. 

The adiabatic ratio is 



ra 



©*"'-•' 



m log 1.6=0.20412 



= 3.182 ^'=0-«>276 

Now 

i;,=20-^3.182 = 6.284, 7), = 296 -^ 6.284 -47. 10, 

and 

v,= 2.5X3.182 = 7.95, p, = 185-^7.95 =23.27. 
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The two isothermal ratios are 

^'=«-||^ = 2.514 and ^• = „4 = 2.516. 
i\ 2.5 v^ 7.95 

Using r = 2.515 we get 

Ui = lU p^v, loge r= 144X 295X .9223 

= 34,179 P.P. or 50.36 H.U. 

Since the efficiency is .375, the useful work is 

39,179X .375= 14,692 F.r. or 18.88 H.U. 

The piston-displacement in this case, from Vi to v,, is 17.5 
cu. ft.; and the work done percu. ft. of this displacement is only 
14,692-17.5=840 F.P. Now by the method of Eq. (28) wo find 
that the mean effective pressure in this operation — the difference 
between the mean forward-pressure on the out-stroke and the 
mean back-pressure on the return-stroke — ^is 840 lbs. per sq. ft. 
or 5.83 lbs. per sq. in. A noticeable fact in regard to this cycle 
is the small effective mechanical intensity of the operation; this 
means that the engine must have a large bulk for a given output 
of work. 

Example 2. — A heat-engine working between the limits T, = 800*^ AF. 
and 7^2 = 500 receives 8750 H.U. per horse-power-hour: what is its abso- 
lute efficiency, and what its relative efficiency, compared with the ideal 
engine? 

The heat-value of 1 H.P.H.— see § 5 (/)— is 2545 H.U.; then the 
absolute efficiency, or ratio of work done to heat received, is 

The ideal efficiency is Eo = .375; then the relative efficiency is 
E -i-E^^, 2909 -i-. 375^. 773. 
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." lieat will not raise the temperature, but will change the 

i;ito steam. Of course, the pressure can be kept constant 

y (giving room for the continual expansion from water into 

'!. In the steam-plant, the moving piston of the engine, 

Miuially receiving steam behind it, permits this necessary 

:';tfisi(>n. Since the temperature remains constant, evaporation 

li •••tnstant pressure is an isothermal operation. 

[tl) He.\t of Vaporization and Total Heat. — The heat used 

in producing this change of state from liquid to vapor does chiefly 

diHgregation work; and a very large amount of heat is absorbed 

^^during the operation. Since this heat of vaporization disap- 

' pears as sensible heat, apparently becoming concealed in the 

^ aibstance, it is commonly called latent heat. The symbol for it 

is r. 

Now the total heat of formation of 1 lb. of steam, above water 
at 32^, is 

H^q+r (47) 

But if the feed-temperature is t^y then the heat required is 

Q=3-2o+^ (48) 

(e) Heat for External Work. — ^The heat of vaporization 
is really expended in two ways: the larger part, as just stated, 
does disgregation work, in overcoming internal molecular forces; 
a smaller part does external work, in overcoming the confining 
pressure through the increase of volume from water to steam. 
If w be the volume of one pound of water, and s the volume of 
the poimd of steam — ^these are both "specific volumes" -then 
the increase of volume is 

u=s—w (49) 

Prom this we get the external work to be 

f/= 144 pu=Pu (50) 

A fair average value for the weight .of 1 cu. ft. of water at the 
temperature of steam-formation is 56 lbs.; this makes t(;=.0175 
cu. ft. — a quantity so small relative to s that it can be neglected 
except in exact calculations. 
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(/) Inner Latent Heat.— Having calculated from APu the 
neat-value of the external work of fonnation, we get the iimer 
latent heat I by subtraction from the total latent heat r, so that 

l=r-APu (51) 

(g) Partial Evaporation. — ^Thc limits of the evaporation 
process under the conditions p and t are, at the beginning, 1 lb. 
of water, of the volume Wy containing the heat q; at the end, 1 lb. 
of steam, of the volume s, containing the heat q+r. At any 
intermediate point in the operation, where the fraction x of the 
pouml has changed to steam, while the remainder (1— x) is yet 
water, the volume of the mixture is 

v=w+xu (52) 

or, very nearly, simply 

v=xs. (53) 

At the same time the heat-content is 

Q=(Z+xr (54) 

For the general case of an initial temperature /q ^^^ incom- 
plete evaporation, to the degree x, the formula for the heat of 
steam-formation is 

Q = <l-qo+^r (55) 

Frequently, however, it is more convenient to make the com- 
putation by the method 

= //-r7,-(l-x)r, (,56) 

subtracting from the total heat //, first the heat, already in the 
waiv.T at the beginning of the ])r()cess, second the heat not i)ut 
into the unevaporated water at the end. 

§ 10. Steam Constants and Relations. 

(a) Detkkminatiox of the Steam-<juantities. — ^The numeri- 
cal values of the various steamniuantities have been found by a 
great number of careful experiments — notably those of Regnault 
— extending over a wide range of conditioas. The laws connecting 
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(h) Steam at Atmospheric Pressure. — The particular values 
for steam at 212° and 14.7 lbs. per sq. in. are 

q= 180.9 H.U., which is 0.9 greater than (^-32); 
r= 965.7 H.U.; 
i7= 1146.6 H.U.; and s = 26.56 cu. ft. 

These three heat-values should be memorized, because the 
heat-formulas which we use when steam tables are not available 
are so shaped as to give the departure from these numbers for a 
given departure of t from 212°. 

(c) Graphical Steam-table. — The quantities enumerated in 
(a), taken from the Steam-table (Table IV.), are laid out on a 
pressure-base in Fig. 21. The curves are as follows: 

Curve I. shows t, to the scale at the right. 

Curve II. gives q and III. gives Hy both to the scale at the 
left; then r is included between II. and III. 

Curve IV. is got by measuring the external work APu down- 
ward from III. ; so that the inner latent heat / is between II. and TV. 

Curve V. gives the volume of 1 lb. of steam, to the scale marked 
along the curve. 

This graphical steam-table is on too small a scale to be used 
for getting numerical values ; it is intended to show how the several 
quantities vary, and especially to illustrate the relative magni- 
tude of the different heat-quantities. 

(d) Relation between Pressure and Temperature. — It 
will be noted that t changes very rapidly with low values of p, 
but at a slow rate over the range of usual boiler-pressures. The 
equation of curve I., found by trial, is of complex form, and is of no 
practical use for ordinary determinations; so that reference to 
the Steam-table is the only practical way to get t from p or the 
reverse. It will be well to remember the following few values, so 
83 to have some idea of the temperature corresponding to any 
pressure: 

p, by gage = 50 100 150 200 
t== 298 338 366 388 

In all our work up to this point, we have taken p to be abso- 
lute, or the total pressure above zero. Actual pressure-gages 
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Ute how rapidly the pressure rises ^^ith the temperature oi th< 
Hber part nf the .^calc. Tiie line of atmo?^pheric pressure Ls dravn 
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(/) Formula for Total Heat.— The simplest and most useful 
steam-heat formula is that for the total heat, 

//= 1146.6+ .305(^-212) (57) 

This is an exact formula, applying to all ranges of temperature: 
for low ranges it may be more convenient in the form 

//= 1081.9+ .305(^-32) (57) 

In Fig. 22, the straight line II. shows how H varies: by the 
expedient of plotting only the upper end of //, we get a diagram 
that is to a lai^e enough scale to be useful for finding numerical 
values, approximately, even on this reduced figure. 

{g) Heat of the Liquid. — The exact formula for the water- 
heat is, 

g=(^-32)+. 000,011(^-32)2+ .000,000,093(f-32)». (58) 

In Fig. 22, curve III. is got by plotting, to the large scale indi- 
cated, the excess of q over (^—32): this curve for [^— (^—32)], 
when we know ^, can be used for getting the exact value of q quite 
as effectively as the Steam-table. An approximate formula for 
q is, 

g= 180.9+ 1.02(^-212); (59) 

its effect is shown by the straight line A, Fig. 22 III., and it ap- 
pears to be exact enough for all practical purposes over the range 
from 10 lbs. to 105 lbs. absolute, or from 190° to 330°; the error, 
within these limits, being less than .2 H.U. 

{h) Approximate Formula for Latent Heat.— Now we have 
r=U—q] or, subtracting (59) from (57), the approximate for- 
mula 

r=965.7-.7l5(^-212); (60) 

which is good for the same range as (59). ^\^len we note that the 
total heat increases by only .305 H.U. per degree, while the heat of 
the liquid increases by a little more than 1 H.U., we see why the 
latent heat must decrease as the temperature of formation rises. 
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(i) The Relation between the Pressure and the Volume 
of one pound of steam, represented in curve V. of Fig. 21, is 
given very closely by the empirical equation, 

ps^'^=C (61) 

For p in lbs. per sq. in. and s in cu. ft., the value of C is 483. 

(/) Value of the External Work.— The curves at the top 
of Fig. 22 are all concerned .with the external work of steam- 
formation, AU or APu. Curve IV. shows the value of A U hi 
H.U. per lb. of steam, to the scale marked. Curves V. and VI. 
show two ratios, the first the ratio of AU to the total heat //, 
which begins at .055 and rises to .07; the second the ratio of AU 
to the latent heat r, ranging from .06 to .10. These are given in 
order to emphasize the smallness of the fraction of heat that goes 
to do external work during evaporation; and will be referred to 
when the performance of the engine is taken up. 

Example 1. — If steam is made at a gage-pressure of 85.8 lbs. per 
sq. in., from feed-water at 110° F., and contains 1.7 per cent, of moisture, 
how^ much heat is utilized from the fuel in the making of each pound? 

The absolute pressure is 100.5 lbs., and the corresponding tempera- 
ture 328.0°; at 110°, using Fig. 22 III., 

9o= 110- 32+ 0.1 = 78.1 ; similarly 
9=328.0-32+3.3 = 299.3 (compare with Table); 
// = 1146.6+ .305X116=1146.6+35.4 = 1182.0; 
r= 1182- 299.3 = 882.7; 
a:=.983; (l-a;) = .017. 

Now 

Q = <Z-9o+^ (55) 

= 299.3- 78.1 + .983X 882.7 
= 221.2+867.5=1088.7; (A) 

or 

Q^H''q,-(l-x)r (56) 

= 1182.0- 78.1- .017X 882.7 

= 1103.9-15.2=1088.7. (B) 

For this last method we should need to get only H and q^, and find 
rfrom (60): 

r=965.7-. 715X116 
= 065.7-82.9 = 882.8. 
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In (B), the first item, 1103.9, is the heat in 1 lb. of dry steam at p and 
from Iq] which is frequently desired for comparison with the final valu 
of (?. 

Example 2. — Steam is made at 150 lbs. abs., from feed-water a 
210°, completely evaporated. How much heat is spent in raising th 
water, in inner work, and in outer work? 

First, ^0=210- 32+ .9=178.9; 

^ = 358.2; 

5 = 358.2-32+4.4=330.6. 
Then q-q^^lh\.7. 

Second, H = 1146.6+ .305X 146.2 

= 1146.6+44.6=1191.2; 
r= 1191.2- 330.6=860.6. 

Now suppose that we are required to find the outer work withou 
using the table at all: from (61) we have 

150 si065 = 483 log 483 = 2.68395 

s=2.998 log 150=2.17609 

(In table, 3.001) 

1.065)0.50786 



log 5=0.47687 

Now l/= 144pw= 144X 150X (2.998- .018) 

= 21,600X2.980 = 64,368 F.P., 
or 

A 17 = 82.74 H.U. 

Then for the inner work we have, 

l=T-APu 
= 860.6-82.7 = 777.9 H.U. 

The discrepancy between the value of A U found here and that in th 
Table is due partly to the difference in s, partly to. the fact that in th 
Table w> is taken .016 all through. 

In both these examples, the least possible use is made of th 
Steam-table, in order to give practice with the formulas. In ger 
eral, however, the Table is to be used wherever it can be. Fc 
most purposes, especially for working up the results of test? 
values carried to one decimal place are sufficiently accurate. 

Example 3. — A cylinder 2 ft. in diameter by 3 ft. long is filled wit 
steam at 87.5 lbs. abs. : what is the weight of this steam? 
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The volume of the cyUnder is 

3.1416X3=9.425 cu. ft. 

The weight per cu. ft. of the steam, from the Table, is .2025 lbs. 
The total weight is 

9.425X .2010=1.894 lbs. 

Or, the volume per pound is 4.975 cu. ft., and 
9.4254-4.975=1.894 lbs. 

§ II. The Different States of Steam. 

(a) The steam or water-vapor which we have so far been 
considering is what is known as saturated steam. This may be 
defined* as steam in the state in which it is formed from water, or 
steam as it exists in the presence of water. If we separate the 
steam from water, and then supply more heat to it, it will become 
superheated and will approach a perfect gas in behavior. 

(6) Graphical Representation of Saturated and Super- 
heated Conditions. — The distinction between these two states 
can ])est be illustrated by the method of Fig. 23. For a particular 
pressure p or OM, we lay off to scale the volume tf?=MW of one 
pound of water, and the volume 5 = MS of the same water when 
just all turned into steam. Doing this for a series of different 
pressures, we get two sets of points, through which the curves 
WiW, SiS can be drawn: and these curves are the boundaries 
of the saturated state of steam. The W-locus separates steam from 
water, the S-locus divides saturated steam from superheated. 
Any point in the intermediate space shows the relation between 
the pressure and volume of a unit weight of a mixture of steam 
and water in a certain proportion. The figure is drawn true to 
scale, except that the water-volume MW is laid out ten times it^ 
proper size, so that it may be visible. 

(c) Curve of Constant Steam-weight. — ^The curve SjS,, or 
any similar curve ViVj, drawn for a particular constant steam- 
fraction x(in the^figure for 0.5), is called a curve of constant steam- 
weight. Besides being a mere curve of relation, as laid out, it 
also represents what would take place if a body of steam and 



1 Z. [Chap. III. 

00 TiiKOKY or Tin 

: -«^<ure ami tcin- 

1m (U). the first iUMn. 1 !i):^.'» '■-■ '' '' ^.,-^ ^j^^, i^^..^^ ^,^,^^, 

ivom /,.: Nvhii-U is fiv<im'Mtly .Ir^n-. ' ^^^^ ^^^^^ ^^^^ ^^^^.^^^^ 

**f ^*^* .... - .iialitv-fraction x 

KxAMi'i.K 'J.- M»'!'". 1- i!i."i' ;■■ ■ - 

•Jl(V\ ciunpli'trly fvai»ui:il»'l. 

water, ill inner work, aiitl H. '■ '■■ " '^^^' 

l.'irst. '/n '-"' .- :.:ir I'onstant-woijiht 

/ .i:^ - iS well as saturatcti. 

f/ :•' ^:i>4>n for thi.< i> bi*st 

'HuMi '/■-'' 1"' " . -::e .<iiporhoato<l side. 

.^rroiul, y/ 1 ' ■' . .^..iiaer x\\v iKH'iiliaritios 

-111' ■ 

' ' ' ' .: i::er tho water has all 

Now supi^""' '^'■»' '*■' i^'.'i heat ami keep this 

usiiiir tho tal>U' at all: in»»" .^ ^*^,\ the steam expand 

i:»0 >^ '"'' 1^^' • iidiiitioii i»f superheatcil 

.s^j.'.i*»s _ • »: ^in*ssiire. has a hifrher 

^In tahlo. :^.tHil. .: H rhan saturate*! steam. 

lo S'. we inipht keep 



Now 



^:::Iy heat: then ])ressure 

.: •. J. sei'oiul tlefinition is, 

■'::'. ie. a hiirher iein]>era- 



Vhi-.i t.»r \W 



1/ ^' ^. . * >rv-vM.— IWules the two 

_ -.. :>-• <ati;raiiou cur\-e to any 

„ :i - ';v Uuhennal expansion. 

_ -r •PL>c4iiro at which the satiim- 

':i: X' H— pn>vi^ll^l that this 

Vhi 'i>-rr: :■'■. ' "^^ _. .j^H^-^> Jit ihe Stan, lliis 

IV/v i< dii- '.i:''.- • " ^ ■■:i-c'^l h\ivrlvla: Init the 

1-.; • , :^ ...V ,.• II ,-..--■■ - I 

^-'•'' ^ ^ - .^a-j-^vars as :he steam irets 

\\\ -ii'l: :\a-> ^^ 7«^x v^^::v»^lo'e i^ 'thermal 

>:r.i:-.-':-. ■■■'.' . . ^ ...lasAi!*. vrt>>s'.:T\^ 'iv.o WS for the 

v*\\" V.'.:.. ■' - ,^^.. <\ \o7) !'.e:ir!y \,pr^-i"^. 

"i^: ■•■'•''*■■ ' . . !Kii'.' ■'" '-'^* <aVx:r:\:ii^u our\"e 

rvvvr;i::^.- ' ^ _ -^ -^ r: -■ -T::::..-Now if 



§11 W] 



THE DIFFERENT STATES OF STEAM. 



63 



we start at any superheated point H, and abstract heat at con- 
rtant pressure or at constant volume, or in any other manner, the 
rteam will behave like a gas till the curve SS is reached ; and then 
there will be an abrupt change in properties. Thus, along HS 
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Fig. 23.— DifTerent States of Steam. 

temperature falls and volume shrinks, to S; then temperature 
remains constant, and volume is diminished by condensation. 
Along HS', temperature falls and pressure drops, to S' ; then pres- 
sure and temperature fall together in the different saturation- 
relation, as the steam condenses. From the superheated side, 
then, SS is logically the "saturation curve"; from the other side 
it may well be called the "dry-steam curve." 
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§ 12. Superheated Steam. 

(a) A General Formula for Superheated Steam, devised 
by Zeuner, and covering the space to the right of the saturation 
curve in Fig. 23, is 

pv=M96T-22.5SVp, (62) 

where p is in lbs. per sq. in., v in cu. ft., and T in °AF. This ser\'es 
for dry saturated steam as well as superheated: for if we substi- 
tute corresponding saturation values of p and T, the v we get is 
the specific steam volume s. Some examples will make clear the 
use of this formula. 

(6) In Fig. 23, for the point S, p Ls 60 lbs., t is 292.5°, and s 
from the Table, 7.087 cu. ft. Now T is 752.5° and i/60= 2.783: 
then by (62), 

60 v=. 6496X752.5-22.58X2.783 
= 488.82-62.84=425.98; 
V = 7.085, a close agreement with s. 

(c) For the point H, v is taken 10 cu. ft., and the corresponding 
temperature is to be found. We have 

60X10 =.6496^-62.84, 

y 662.84 
^ .6496 -^"^"•'^' 
or 

f= 560.4°. 

For a point on the isothermal HHj, as that at 180 lbs. pressure, 
we have 

180 1) =662.84 -22.58X3.663 
= 662.84-82.71 = 580.13; 
v=3.223cu. ft. 

If the curve were a hjT^crbola, this value would be 

60X10 
v=^^g- =3.333. 
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From the manner in which p is involved in (62), it appears 
that the isothermal for superheated steam will fall within the 
hyperbola in compression, without it in expansion. 

(d) Expansion at Constant Pressure. — ^The most impor- 
tant practical case with superheated steam is expansion at con- 
stant pressure — ^for where superheated steam is used in an engine, 
it is made by passing steam from the boiler over heated surfaces 
on its way to the engine. In (62), call the saturation-temperature 
Tg, and get 

P8=.6496r3-22.58|/p, 

then subtracting this from the general form 

jyv^M96T -22.5S\^ 
we get 

p(v--8) = .6496(r-n) or .6496(^-0. . . . (63) 

So that in this action superheated steam behaves like a gas, 
the change of volume being proportional to the change of tempera- 
ture, for any particular pressure. Note that, if we use the value 
of 8 from the Table in (63), any difference between this s and that 
found by (62) will enter as an error into the value of v] but this 
error is practically negligible. 

(e) The Specific Heat of Superheated Steam in this exj)an- 
sion under constant pressure is 0.48. In Fig. 23, for instance, 
the pound of steam passes from 292.5° at S to 560.4° at H, or 
through 267.9°: the heat required is 267.9 X. 48 =128.6 H.U. 
To make 7.09 cu. ft. of saturated steam at 60 lbs., after the water 
had been heated up to 292.5°, took 908.2 H.U., or 128.1 H.U. 
per cu. ft.; to add 2.91 cu. ft. to this volume by superheating to 
560.4° takes 128.6 H.U., or only 44.2 H.U. ])er cu. ft. The exter- 
nal work done per cu. ft. is the same in both parts of the opera- 
tion. For mechanical purposes it appears, then, that a good 
deal might be gained by superheating the steam. 
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§ 13. The Adiabatic Behavior of St 

(a) Fnr stoani. il< for any other expaiL^ivo <?: 
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i of steam when 
Table 
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.i|s--=0.,')09cu. ft. 

' - in Fig. 24 are given in 

. uiiitively, the action of con- 

■iahatic expansion. The initial 

.'». and .00: successive computed 

■li)\v: 



\ M.UKs OF X, Fig. 24. 



il. 


III. 


IV. 


V. 


75 


.50 


.25 


.00 


7UU 


.5018 


.2572 


.0125 


.7420 


.5034 


.2647 


.0261 


.7372 


.5051 


.2730 


.0409 


.7312 


.5067 


.2821 


.0576 


.7236 


.5080 


.2924 


.076S 


.7129 


.5087 


.3045 


.1003 


.7009 


.5084 


.3158 


.1232 



! si)aces in the figure, between each adiabatic and 

::»liiig curve of constant steam- weight, show clearly 

.sat ion with steam preponderating, the evaporation 

Aater-weight is greatest. It appears that for z a little 

lian 0.5 the adiabatic would agree with the constant- 

! live— note the reversal of action shown by the last value 

r.im TIL 

In Compression, these actions are all reversed in direc- 

iliat is, there b evaporation when moderately wet steam L^ 

'!H's>e(l, condensation when there is relatively only a little 

:':i. If the operation begins with^dry steam, or if steam with 

a little moi.^iture is dried by compression, then adiabatic 

ii|)ros.sion of this dr>^ steam will superheat it. 
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An approximate formula, if we take c= 1, is 

T 

Eq. (68) was ijse<l in ralr-nlatiim the a-eohm; 
table. 

(/) TiiK Rklation ijetwkkn Puf>sure am- 
only indirectly by Yj\. (M). Starting with 
volume, the latter depemling upon x, aeconlii 
find X for the new pre*»!ure, then work back " 
new volume. Vj\. (64; Ls to be ased in the for' 

^~ b 




Fig. 24.— Adabati. 
A Con.-fr»nt stpam-weirfit. B. Exact ■ 

KxwPT.E 1.— rur\*e I. in Fip. 2 
•jiud -«* ir:x:»d. The values at the ai- 
;. = \tV} \Yw<. ahs.; 
r = IJMJ: 
■I =..5211: 
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:>») and (S2); 
I nr the snuJler 
. I ■' de])arts rapidly 
v:i in. from 80 Dbs. 
( It appears that 
i:il below X-0.8B. 
'^ lbs. pTBHimu 
jr,-.76 
•^-2.123 
n-LllO 

kg ^)l-0.8887a 
h% f -0.71071 
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Suppose that we wish to find the volume of the pound of steam when 
expanded adiabatically tB p^40 lbs. We get from the Table 



Then 



and 



a=.3933, 6=1.2743, «=- 10.367. 

.52114-1.0408- .3933 _ 1.1686 ^ 
^ 1.2743 "1.2743" 

r-.9171X 10.349+ .018=9.491 -^.018=9.509 cu. ft. 



(/) Adiabatic Cur\'Es. — ^The curxes in Fig. 24 are given in 
order to show, graphically and quantitatively, the action of con- 
densation or evaporation during adiabatic expansion. The initial 
values of x are 1.00, .75, .50, .25, and .00: successive computed 
values are given in the table below: 

Table 13 A. Values of x. Fig. 24. 



p 


L 


H. 


III. 


IV. 


V. 


160 


1.00 


.75 


.50 


.25 


00 


140 


.9910 


.7464 


.5018 


.2572 


.0125 


120 


.9S08 


.7420 


5034 


.2647 


.0261 


100 


.9693 


.7372 


.5051 


.2730 


.0409 


80 


.955S 


.7312 


.5067 


.2821 


.0576 


60 


.9392 


.7236 


.50S0 


.2924 


.076S 


40 


.9170 


.7129 


5087 


.3045 


.1003 


25 


.8936 


.7009 


.5084 


.3158 


.1232 



The shaded spaces in the figure, between each adiabatic and 
the corresponding curve of constant steam- weight, show clearly 
the condensation with steam preponderating, the evaporation 
when the water-weight is greatest. It appears that for x a little 
greater than 0.5 the adiabatic would agree with the constant- 
weight curve — ^note the reversal of action showTi by the last value 
in column III. 

{g) In Compression, these actions are all reversed in direc- 
tion: that is, there is evaporation when moderately wet steam Ls 
compressed, condensation when there is relatively only a little 
steam. If the operation begins with-(lr>' steam, or if steam with 
only a little moisture is dried by compression, then adiabatic 
compression of this dr>' steam will superheat it. 
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(h) An AfnOXlK^^TE, EsfPIRlCAL FORXIULA^^ 

for the fi^lmbilie curve of saturated steam is got 1 
equation pi^— C, tmog a si^eeial index which ^ 
initial fiteam-weight according to the rule 

n=L035+0Jar. . , . 

In Oftler to show how nearly correct this fm 
worked out by it are given in the table below, in f 
thorn* found by the method of Example 1 ; these i 
diUons of curves L and IL in Fig. 24. 

Tabi,!; 13 B. Values of- t\ Fio, 2i 





h «- 


a. DO* 


n^ 


p 


k. 


a 


A. J 


160 


2 H25 


2 825 


2jal 


140 


3 17:^ 


3 177 


3SW 


120 


3 (J30 


3 640 


2,mM 


100 


4 2,S« 


4 275 


3 S« 


00 


5 1Z1 


6 203 


3 9099 


00 


6 657 


6 704 


^ uH 


40 


9 50^ 


9 5S3 


imU 


m 


H 403 


U.499 


iijlH 



Here the A-cohimnsi contain results got by 
while thase in the B-oolumns are from (71 )< 
vaJucs of X used in Fig. 24^ the curv^e of Eq, (71 
from the true atliabatic: these curves are draw 
down to 25 lbs., in the dotted line marked V 
the effective range of Kq. (71) does not exten> 

KxA!UPME 2.— Find p by (71) for cur^^e IL at flU^ 

A^/ K,-2.«25 



log p, -2.20412 
logp -L77815 

log ^=0.42597 
i; = 5.137 



log log ^ = 0,62^38 

logn-0.CW532 

loglog(^^)^-a5S40e 



4 
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(i) Use op Table II. — In comparison with the exact method, 
with a and b worked out and tabulated, this method is at a decided 
disadvantage as to ease of computation. The results are, however, 
quite accurate enough for graphical work, and the values entered 
in Table II. can be used to good effect when an adiabatic curve 
is to be drawn on a steam diagram — ^following the method ex- 
plained in § 7 (j), under Fig. 19. 

(j) The Adiabatic Equation for Superheated Steam is 
similar to that for air, but k has the value 1.333 instead of 1.406, 
so that 

pi;i-333 = c (72) 

(k) External Work. — As stated in (a), the external work in 
adiabatic expansion is done at the expense of the internal heat- 
energy of the steam. This internal energy does not include the 
heat used in the external work of evaporation: so that whereas 
the total heat above 32°, for any condition x, is Q=5+xr, the 
internal energy is 

/=5+xZ (73) 

Now for any two points on an adiabatic curve, we have 

then the heat lost, or external work done, is 

AU = q,-]-x,l,-q,-xJ, (74) 

§ 14. The Camot Cycle with Steam. 

(a) Assuming the same conditions of working as those of the 
ifleal air-engine in § 8, and using a cycle with the same set of opera- 
tions, we have for the ideal steam-engine the action illustrated 
in Fig. 25. Starting at 1, there is in the cylinder 1 lb. of water 
at the temperature t^ and pressure pji and isothermal expansion, 
at constant pressure, to complete evaporation at 2, constitutes 
the first phase. Tlien follows adiabatic ex])ansion to the lower 
limit of pressure and temperature at 3, completing the out-stroke. 
On the return-stroke, we have first isothermal compression, with 
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rapid rejection of heat, then adiabatic compression, along 41, to 
the original state. 

(6) Universality of the Carnot Cycle. — It is a general 
principle of thermodynamics that, since no peculiar properties of 
the working-medium are involved in the expression for the effi- 
ciency of an engine with the Carnot cycles therefore this efficiency 




'5 ■ • X l'5 

Fig. 25.— The Ideal Steam-cycle. 

is independent of the medium used. Then with steam, as with air, 
the limit of efficiencv is 



E= 






or 






(75) 



And since the heat received during Phase I. is r^, the useful 
work of the cycle, per pound of steam and expressed in heat-units, 

AU^Er, (76) 



IS 



It would be ver>'' difficult, if not impossible, to develop an 
algebraic proof for the ideal efficiency from the form of the st«am- 
cycle, because the adiabatic relations are of such complex form. 
But the general principle that the effective output is not depend- 
ent upon the medium can, perhaps, be made to appear more con- 
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vincing by the working out of a particular case, with numerical 
values. 

(c) Numerical Determinations for a Particular Case. — 
Thrf primary conditions in Fig. 25 are: 

Pi = P2=^ lbs. per sq. in.; 

We will use the subscripts 1, 2, 3, 4, on the p's, v% and x's, 
to correspond with the points 1, 2, 3, 4. But on all the heat sym- 
bols, sub 1 will refer to the upper isothermal and sub 2 to the lower. 
The values taken from the table are: 



(,=320.0° 




7',= 780.0° 


/,= 213.0° r,= 673.0° 


9, =291. 2 




rj= 888.4 


g,= 181.9 r,=965.0 


!,= 807.9 






Z,= 892.7 


a= .46535 




6j= 1.1389 


a,=. 31479 6,= 1.4339 


s,= 4.845 




«,= 4.827 


s,=26.07 «,=26.053 


Get the volumes first: 






Xi- 


=0; 


i,= 1.00; 




Vi- 


=w,=.018; 


i>,=s,= 4.845; 



^"" K " 1.4339"" -^^^^^ 



^8 = 2:582 = .8993 X 26.07 = 23.445, 

or, more exactly, 

V3=X3iij+t£?j= .8993X26.053+ .017 
= 23.430+ .017 = 23.447; 

whence it appears that this refinement is entirely superfluous here, 
where X is neariy 1. 
Again, 

tti-a, .15056 ,^_^ 
^*=-V 0339=-^^^^' 
V4=x,U2+i/;2= 2.736+ .017=2.753, 
or 

^4=^4^2= 2.737. 

Here, of course, the exact method is necessary. 
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(d) Heat Quantities. — Next, determine the heat-quantities 
at the critical points: 

At 1, the internal heat and the total heat in the water are the 
same, so that 

Q^ = /^ = g^ = 291.2H.U. 

At 2, the total heat is 

Q2=9i+rj= 1179.6, 

while the internal heat is 

A=9i+ii= 1099.1. 



At 3, 
At 4, 



Q8=92+^s^2= 181.9+867.8= 1049.7; 
^8=92+^8^2=181-9+802.8=984.7. 

Q4=92+a:4r2= 181.9+ 101.1 =283.0; 
^4=92+ a^A= 181.9+ 93.7=275.6. 



The heat received in Phase I. is 

Q2-Qi=^i = 888.4H.U. 

The heat rejected in Phase III. is 

Q8-Q4=1049.7-283.0=766.7 H.U. 
Now 

888.4 



= 1.1585 



766.7 
and 

ZLi-Z??- 11585 

Whence we see that the two heat-quantities bear to each other 
the proper relation. Further, the heat transformed into useful 
work is 

Al7=888.4-766.7= 121.7 H.U. 

(e) Effective Work op Cycle. — ^We will now work out from 
the figure a value for the effective work, to see how closely it will 
agree with the 121.7 H.U. just found. 
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In Phase I., the positive external work, reduced to heat-units, is 

144p,fa-i^,) _ 144x90x4.827 _gQ ^^ 

778 778 

In Phase III., the negative work is 

I44p,iv,-v,) 144X15X20.692 ^^ ,^ 

778 778 

In Phase II., the heat transformed into external work is 

72-/3=1099.1-984.7=114.4. 

And in Phase IV., the external work transformed into heat is 

A - /, = 291 .2 ~ 275.6 = 15.6. 

Combining these four quantities, we get: 

I. + 80.4 III. -57.5 

II. +114.4 IV. -15.6 



+ 194.8 -72.1 

- 72.1 



+ 121.7 

Note that the relation between the two adiabatic works in this 
case is entirely different from that which holds with a perfect gas; 
and further that with a steam-isothermal, the heat imparted does 
not all go to do external work. 

(/) Comparison of Steam with Air as a Medium. — ^A very 
important feature of the operation shown in Fig. 25 — as com- 
pared with that in Fig. 20 — ^which constitutes the tremendous 
practical advantage of the steam-engine over the hot-air engine as a 
machine, is the much greater mechanical intensity of the operation. 
In the case just analyzed, the piston-displacement per pound of 
steam is 23.25 cu. ft., and the effective work is 121.7 H.U. or 94,683 
F.P.: this gives 5.234 H.U. or 4072 F.P. per cu. ft., against only 
840 F.P. for Fig. 20, as found in Example 2, § 8. Of course, the 
steam-engine has generally a comparatively small range of tem- 
perature: the ideal efficiency is only .137 for the case discussed 
above. 
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(d) Heat Quantities. — Next, dctcrn: 
at the critical points: 

At 1, the internal heat and the totnl '~ 
same, so that _ ream-engine dififer^^ 

Qi = /i=gi = 291.2 H.U. -ive been discussing - 

At 2, the total heat is "^ functions of heat- 

----rrion are separat€?<l 
02=9i+''i= 1179.6, jz-ri -o the boiler, engine, 

while the internal heat is -nader, then, the work- 

- 3e 41006 proper is only 
/,-=gi+/i= 1090.1. 

At 3, .:r=!.— For the actual plant . 

Q,-92+Va=lSl.i>-i :2nwn is with the fcod- 
A^ft+^i'a^ ISA- I. ^sm lT. of the ideal cycle 1-5 

At 4, _ .^:^ That is, the operation 

04=92+^/2 = l^*.— -a^ JH been condensed, the 

^4=92+ ^4^2 =" l^*.*.-^:'3«Birjv condensation is com- 

^ , . , . ,« - ^^ "^ *J* preaBure and tempera- 

The heat received m Phn- - • ^t «4^„^^i«„* 

^ «<i^BBpHrt in the steam-plant. 

Qi—Qi^^i^ ^^ ^i^^K. --flfaer in a condenser or by 

can do is to secure 



The heat rejected in Vh'^ _ . . 

^.jtm-^ -oipenture of the exhaust 

Q^-^Qi^^^* ,,^^^^amdr i» feed-pump — takes the 

^ow a iM :3r :aifcr: this closes the cycle, 

II ^mr\ — **'^' is an open one. The 

^^^^ -r 3r -ftrmF, whereby a portion of 

*^d _ ■^ ■^■^—BT 3b the clearance-space, has 

-^ ^ viflB :d the mechanical action of 

m w a secondary effect in a 



WTience we secj 

the pnjper ■iliilii.n — ^ ;^^ wAarATinv begins therefore 
work is ^•'■^ ^^'^ heating and evapora- 

" to /j, then the operation 
from this condition arc 
(i) V.m- -^K^ -mmf^l by imperfect regulation 

the figip " ^^^^^^ ^ ^ ^ minor fluctuations on 

Agree \^ ^^ .^m^"^ ^ fteam into the cvlincler. 

i ■ 
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As pointed out in § 9 (c), the steam, rising from the surface of 
the water in the boiler, has to keep pushing some other steam 
ahead of it till it gets to the cylinder, where the external work of 
evaporation is really done upon the piston, in the form of pressure 
acting upon a moving part of the confining surface. 

(d) Adiabatic Expansion Impossible. — But when the steam 
gets to the engine, it encounters, not cylinder-walls that are non- 
conducting and non-absorbent, or that are at its own tempera- 
ture, but metal waUs that have been considerably cooled by con- 
tact with the exhaust steam. During the admission period, then, 
a part of the steam is condensed, its heat going into the surfaces of 
the cylinder and piston: it therefore loses volume, one pound 
fUling only the space AB, instead of Al, in Fig. 26. 




I ■ f I f n — I — I — \ — I — r"n — I — t^-^ — ] — r 

Fig. 26. — ^The Steam-engine Cycle. 



(e) Thermal Action of the Cylinder-walls. — After the 
steam gets into the C5'linder and communication with the steam- 
pipe is cut off, an expansion takes place which is far from being 
adiabatic. As the wet steam drops in pressure, its temperature 
falls too; the flow of heat from steam to metal, which has been 
rapidly diminishing during the latter part of the admission period, 
presently reverses; and during the rest of the expansion and all 
of the exhaust period, hefat is passing from the metal to the steam. 
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Upon the expansinn this has the effect, that instead of some steam 
beiii^ ^uiuleiised to furnish heat for external work, as under adia- 
batie condi lions ^ there is so much heat supplifxl by the rylinder- 
walls and by the hot water present in the cyhnder, tliat tisuaily 
there is some evaporation. The expansion line BC rises above the 
curve of constant steam-weight, approximating the equilateral 
hjqierbola: and we \mvv the very important and useful eonclusion. 
from experience, that for many pur}>oses — especially for the pre- 
liniinar^" laying out of steam diagrams — the working fluid in the 
steam-engine may be taken to follow the law pv=C in its expan- 
sion and conipressir^Jh Of course, this simple w^orking is the 
result of ver}^ complex actions and reactions; which can bo deter- 
minetl, more or less completely, only by actual tests of the engine. 

(/) IxcoMPLETK Ex PANSiox.— Chiefly for mechanical reasons, 
the expansion is not usually complete: that is, it is stoppe<l at 
some point C\ before the exhaust pressure is reached; anti, by the 
openmg ut the \ alve, the pressure is allowed to drop from C to D 
before the piston begins its return stroke. But this steam re- 
leasetl from C to D inunetliaiely fails to the exhaust pressure, sfj 
that ver>^ nearly the whole operation of heat-abstraction is iso- 
thermal at the lower limit. We have then that the actual cycle 
agrees closely with the ideal in tw^o of its phases, but departs 
widely from it in the other two. 

(g) Before taking up the discussion of the actual working of 
the steam in the engine, we will develop, and reduce to numerical 
values* the expression for its limit of efifective performance, as set 
forth ill Fig, 26, 



I 



§ i6. The Limit of Performance of the Engine with 
Saturated Steam. 

(a) With the Carnot cycle, the heat received per pound of steam 



IS 



^^-^1. • ' (77) 

and the effective w^ork done, represented by the area A124A in 
Fig. 26, is 

AU^Li^^r,. ,...,.. (78) 
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But the cycle which really forms the Ihnit of the actual steam- 
engine is that whose outline is A12EA in Pig. 26. Here the heat 
imparted includes the raising of the water from ^ to <i, so that its 
amount is 

Q'=9i-92+^i or H,-q, (79) 

The corresponding work-output can be found by calculating 
the work-equivalent of the area A4EA, and adding it to C/ from 
(78). The method of doing this can best be shown by an example. 

(6) Calculation for Table 16 A. Let pi=240 lbs., P2=15 
lbs.; then from the Table we get 



^,=397.3° r, = 857.3° 
91 = 371.2 ri= 831.9 

ai = .5633 



^=213^ 7^2=673^ 

^2= 181.9 ^3=892.7 

a, = .3148 62=1.4339 

S2 = 26.07 

For convenience, we shall refer to the Carnot cycle as Cycle A, 
and to the cycle without adiabatic compression as Cycle B. 
Now for Cycle A, 

^~ T, -857^--^^^' 
A [/ = £ri = .2150 X 831 .9 = 178.84. 
' For Cycle B, we first find 

a^-a^ .2485 _ 
'''' h, "1.4339 "•^^'^• 

Now the internal energy at 4 is 

A = ^2 + ^Ak = 181 .9 +. 1733 X 892.7 
= 181.9+154.7 = 336.6 H.U. 

At A the internal energy is g^, so that the external work of 
Phase IV., the area A4G0A, is 

^1-92-^4^2=371.2-336.6 = 34.6 H.U. 

Of this, however, only the part A4EA is to be added to A [7 
above. To get E4G0, ^ve have 

v^=x,S2=. 1733X26.07 =4.519 cu. ft.; 



» 
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Fig. 27. — Limit 0iinY»5 f.«r Xt iii-ci^ndfUMnp Enpnes. 
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Table 16 A. Libht Values for Non-Condensing Engines. 





HMtlmiMuted, 


Heat Ckmyezted, 


Abeolute 


Pounds of Steam 


BoQer- 


B.T.U. 


per Lb. 


B.T.U. 


per Lb. 


EffldeiMT. 


perH.P 


. Hour. 


f^bR^te. 


















Pi 


Q 


Q' 


AU 


Air 


E 


JE' 


S 


S' 


60 


916.6 


985.7 


^.0 


87.5 


.092 


.089 


30.30 


29.10 


60 


908.2 


989.3 


96.0 


100.5 


.106 


.102 


26.53 


25.31 


70 


900.9 


992.4 


106.0 


111.7 


.118 


.113 


24.02 


22.78 


80 


894.3 


995.1 


114.5 


121.4 


.128 


.122 


22.23 


20.97 


90 


888.4 


997.7 


121.9 


129.9 


.137 


.130 


20.90 


19.60 


100 


882.9 


999.9 


128.5 


137.5 


.145 


.137 


19.81 


18.51 


110 


877.9 


1002.1 


134.3 


144.4 


.153 


.144 


18.95 


17.63 


120 


873.2 


1004.0 


139.5 


150.8 


.160 


.150 


18.24 


16.88 


130 


868.7 


1005.8 


144.3 


156.6 


.166 


.156 


17.64 


16.26 


140 


864.6 


1007.6 


148.7 


162.0 


.172 


.161 


17.12 


15.71 


150 


860.6 


1009.3 


152.7 


167.0 


.177 


.166 


16.68 


15.25 


160 


856.9 


1010.8 


156.4 


171.6 


.182 


.170 


16.28 


14.84 


170 


853.3 


1012.3 


159.9 


176.0 


.187 


.174 


15.92 


14.46 


180 


849.9 


1013.8 


163.1 


180.2 


.192 


.178 


15.60 


14.12 


190 


846.6 


1015.1 


166.1 


184.1 


.196 


.181 


15.32 


13.82 


200 


843.4 


1016.4 


168.9 


187.8 


.200 


.185 


15.07 


13.56 


210 


840.4 


1017.7 


171.6 


191.3 


.204 


.188 


14.84 


13.30 


220 


837.4 


1018.9 


174.1 


194.7 


.208 


.191 


14.63 


13.07 


230 


834.6 


1020.1 


176.5 


197.9 


.212 


.194 


14.43 


12.86 


240 


831.9 


1021.2 


178.8 


201.0 


.215 


.197 


14.24 


12.66 


250 


829.1 


1022.3 


181.0 


204.0 


.218 


.200 


14.06 


12.48 



then 



1^^144X15X4.519^ ^g^^^^ 

778 778 



Subtracting this 12.54 from the 34.60 just found, we have 
22.06 H.U. to be added to AU; then for this cycle, 

^L'' = 178.84+22.06=200.9 H.U.* 

Now the heat imparted in this second case is, 

Q'=n+9i~^2= 1203.1 - 181.9= 1021.2 H.U. 



* A simpler way of getting A U' is given in § 24 (6). 
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Table 16 B. Limit Values for Condensing Engines. 





Heat Imparted. 


Heat Ponverted, 


Absolute 


Poundfi of Steam 


Bofler- 


B T.U. per Lb. 


B.T.U. 


per Lb. 


Efficiency. 


perH.F 


. Hour. 


Pi 


Q 


Q' 


AU 


AIT 


E 


BT 


S 


S' 


50 


916.6 


1074.4 


192.6 


210.5 


.210 


.196 


13.21 


12.09 


60 


90^.2 


1078.0 


202.1 


222.6 


.223 


.206 


12.50 


11.43 


70 


900.9 


10^1.1 


209.9 


232.7 


.233 


.215 


12.13 


10.93 


80 


894.3 


10-^3.8 


216.5 


241.5 


.242 


.223 


11.76 


10.54 


90 


888.4 


10S6.4 


222.1 


249.3 


.250 


.229 


11.46 


10.21 


100 


882.9 


10S8.6 


227.1 


256.3 


.257 


.235 


11.21 


9.94 


110 


877.9 


1090.8 


231.5 


262.6 


.263 


.240 


11.00 


9.69 


120 


873.2 


1092.7 


235.5 


26S.2 


.269 


.245 


10.81 


9.49 


130 


868.7 


1094.6 


239.1 


273.5 


.275 


.250 


10.65 


9.31 


140 


864.6 


1096.3 


242.3 


278.4 


.280 


.254 


10.50 


9.14 


150 


860.6 


1098.0 


245.2 


2S3.0 


.285 


.25S 


10.38 


8.99 


160 


856.9 


1099.5 


248.0 


287.2 


.289 


.261 


10.26 


8.86 


170 


853.3 


1101.0 


250.6 


291.2 


.294 


.265 


10.16 


8.74 


180 


849.9 


1102.5 


253.0 


295.0 


.298 


.268 


10.06 


8.63 


190 


846.6 


1103.8 


255.2 


298.6 


.301 


.271 


9.97 


8.52 


200 


843.4 


1105.1 


257.2 


302.0 


.305 


.273 


9.90 


8.43 


210 


840.4 


1106.4 


259.1 


305.3 


.308 


.276 


9.82 


8.34 


220 


837.4 


1107.6 


260.9 


308.4 


.312 


.278 


9.75 


8.25 


230 


834.6 


1108.8 


262.6 


311.6 


.315 


.281 


9.69 


8.17 


240 


831.9 


1109.9 


264.2 


314.1 


.318 


.283 


9. as 


8.10 


250 


829.1 


1111.0 


265.7 


316.8 


.321 


.285 


9.58 


8.03 



The efficiency is therefore 

p,_ 200-9 

^ -1021:2 =-^^^- 

Last of all, the number of pounds of steam required per H.P. 
hour is, for the two cases — one H.P.H. = 2545 H.U. — 



S=,?^ = 14.23, 



,S' = J5^ = 12.66. 



178.8 ' ' 200.9 

But while the less efficient operation uses fewer pounds of 
steam per H.P.H., it of course rec|uires more heat, the respective 
amounts being 

SO =11,834 H.U. for Cycle A, 

S'0'= 12,925 H.U. for Cycle B. 
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(c) In Figs. 27 and 28 and in the Accompanying Tables^ 
16 A and 16 B, results similar to those just worked out are given 
for the whole range of practice and for the two classes into which 
engines are divided as to their lower limit of working — that is, for 
non-condensing and for condensing engines. The respective lower 
limits are: 

For non-condensing engines, 

Po= 15 lbs. abs., /o=213^ F. 

For condensing engines, 

Po = 1 .94 lbs. abs. , t^ = 125^ F. 

While the condenser can be, and usually is, at a lower tempera- • 
ture than 125°, it is not possible to realize the full vacuum due to 
the steam temperature, because a small amount of air is always 
present. The assumed figures represent about the best attainable 
conditions in each case. 

As to the change in subscript, we shall hereafter use sub 2 for 
the conditions at the end of expansion, at C in Fig. 26; then sub 
will denote the exhaust conditions. 

{d) In the Cukves and Tables, the several quantities repre- 
sented or given are: 

C> = tho heat imparted. 
.4 6'= the heat converted into effective work. 
E= the absolute efficiency, or the ratio of AU to Q. 
*S = the number of pounds of steam rocjuired per H.P. hour. 

The first two are, of course, per pound of steam. 

The plain symbols and the dotted curves refer to the Camot 
cycle, Cycle A. 

The primed syml)()ls and the full-line curves refer to the cycle 
without a(lia])atic compression, Cycle B. 

Tlie method of computin«i: all these quantities h set forth ii 
the example worked out in (b). 

Th(*se ta])les form a standard of comparison, by wliJch the 
performance of engines may be jud/^ed, and will frequently be 
refernMl to. 
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{e) Work-value of Adiabatic Compression. — A noticeable 
fact here shown is the considerable effective work-value of the 
adiabatic compression — ^which in the last case in Table 16 B rises 
to 51.1 H.U. Compare with this the work of forcing the feed- 
water into the boiler, found as follows: 

At 125® F., 1 cu. ft. of water weighs 61.7 lbs., and the volume 
of 1 lb. is .0162 cu. ft. Including the drawing of the water from 
the condenser, and neglecting the small positive pressure in the 
latter, we assume that this volume must be displaced against the 
full pressure of 250 lbs. per sq. in. The work required is 

C7=144X250X. 0162 = 584 F.P., 

equivalent to .750 H.U. 

It appears that this latter quantity is relatively insignificant. 

§ 17. The Ideal Steam Diagram. 

(a) The Modifications which the ideal Camot cycle under- 
goes when subjected to the conditions of actual working in the 
steam-engine, as brought out in connection with Fig. 26, are three: 

1. The expansion is changed in character by the thermal 
action of the cylinder-walls. 

2. The expansion is stopped before the lower pressure-limit 
is reached, or is incomplete. 

3. The adiabatic compression of the whole " charge " of working 
substance is entirely omitted. 

As the result of these changes, the ideal steam diagram, with 
which the actual diagram made by the indicator is to be compared, 
takes the form ABCDE, drawn first in Fig. 26 and reproduced in 
Kg. 29: in which the expansion curve BC is of the form [pv=C]. 
This rliagram iri, of course, based on tiie entire absence of clearance- 
^^ace in the cylinder^ and on ideally fjcrfect action of the valve, 
(ft) The Determinixg Dimex.sions of this diagram are: 

1. The initial - - 1^ nm^ volume, Pi and v^, at the point B, 
[rhere expansion 

2. The final vnln^^fm k> of expansion, r^Vj^Vi. 
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3. The back-pressure during the return-stroke, Po- 

The eflfective work represented by the diagram is found as 

follows : 

The work of the full-pressure expansion, from A to B, or the 

work during admission — the area ABGO — is 

t7,« 144p,r,. 




0^ 



-I — I — I — I — I — I — I — I — I — I — I — I — f— I — I — |— I — I — r— r 
Fio. 29.— The Ideal Steam Diagram. 



The work of the expansion in the cylinder, from B to C, area 
BCFG, is 

Then the total or gross work, area ABCFO, is 

l\=U4p,v,il+\og.r) (8^^ 

The negative work in the return-stroke, area DEOF, is 

C/B=144por2=144po^'i. . , ^^^ • * (^J) 

Now the net or efTeetivc work, area ABCI 




(c) Specific VoLtTME at CuTH>rr,^r<mtmiui^ to use the st^^ 
tern of measiinng tiie vroiic-performiuice of one unit's vrexght i>f 
the mediuiD^ we have that the initial yotume r^ becomes determi* 
■ nate when we know Ibe ammint of the cyUnder-ctindensatioii at 
cut-off. In Fig. 29, All is the volume of 1 lb* of di^* satur^te^l 
steam; then 

IHH^BM^AM -,..... (83) 
is ti 
weijf 



is the fraction of condensation; and its conipleiuent 
^termin^ i?i through the relation 



I 



t?,=x,« 



i«r 



(84) 



The value of m can be detamitied by an engine test in which the 
weight of steam used is foimfl by aetnal measurement, and com- 
pared with the steam shown by the diagram: and may be pretty 
clogsely estimated from the results of tests previously made under 
similar conditions and reeonled. 

(d) The Limit of ExPAXsiox.^The proper temiinal pressure 
Pi — from which, in connection with the known or assmnetl charac- 
ter of the expansion curve, the ratio of expansion is derived^s 
detennined by considerations which are also illustrated in Fig. 29: 

£>uppose all the frictional redstances in the engine to be reduced 
to an equivalent pr^sure on the piston, measured in the same 
tflmis as the steam-pressure p, and represented by the extra height 
EJ adde<:l to the back-pressure in Fig, 2&— where JE is made just 
eciual to CD. Now if the piston travelled beyond CF, to KL, 
the work done upon it by the steam during this out-stroke woukl 
ho given by the are^ CHLF; and during the return-strokej fmni L 
to F, the engine would have to do, in overcoming back*pressure 
phis friction, the work KC'FL. The result would be a net loss of 
work represented by the area KCH. 

Thr :nnis obvious. 

itEssuREs OF THE I DEAL DiAGRAM, — Since the work 
i-y Under is usually measureil in terms of the whole 
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piston-displacement r,, rather than the cut-off volume Vj, Eq. (82) 
is frequently more convenient if changed into the form 

C/-144.,[p,i±^-p.] (85) 

1 -f- 10£^A T 

The expression p^ gives the mean total pressure dur- 
ing the forward-stroke, or the mean height of the figure ABCFO; 
calling this pmo 8-^^ letting pm represent the mean effective pres- 
sure, we have 

Pm=Pmo— Po (86) 

Then (85) becomes 

C/=144p„,v, (87) 

Values of the ratio 

5^o^l±lo55l (83) 

are given in Table I. 

(/) We have now established the fundamental principles on 
which all discussion of the thermodynamic performance of the steam- 
plant is based : and are ready to take up the consideration of the 
actual behavior of the steam in the cylinder, which forms the subject 
of the next chapter. 

Example. — In Fig. 29, with Pj = 90 lbs. abs., we take m to be .20 
and get 

Vj-Vi" -SOX 4.845 = 3.876 cu. ft., 
also 

U, = 144X 90X 3.870=50,233 F.P. 

Further, r b taken to be 4, then 

C/, = 50,233X 1.3863 = 69,637 F.P. 
and 

C/T=50,233-f 69,637= 119,870 F.P. 

Now 1;^ = 3.876X^4 = 15.504, and p^^lb) then 

C/b = 144x 15X 15.504 = 33,488 F.P. 
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Finally, 

U - 1 19,870- 33,488 = 86,382 F.P. 

The mean total pressure is 

= 119,870-^ 2233-53.69 lbs. per sq. in. 
And the mean cfTective pressure is 

Pni« 53.69 -15 =38.69 lbs. per sq. in. 
Working out the ratio of pmo to p^ directly from loge r, we have 
(1+1.3863) +4=. 5966; 
and multiplying by p^, we get 

Pmo = 90X .5966 = 53.69 lbs. per sq. in. 

From this we can compute the effective work through (86) and (87), 
the whole operation being much shorter and easier than that used 
above. 




CHAPTER IV. 
THE ACTION OF THE STEAM IN THE ENGINE. 

§ i8. The Indicator Diagram. 

(a) Comparison of Actual with Ideal Diagram. — The par- 
ticulars in which the actual steam diagram differs from the ideal 
form given in Fig. 29 are show^ in Fig. 30, where the indicator 
diagram ABCDEF represents the behavior of the steam in the 
cylinder, and is to be compared with the circumscribed ideal 
diagram GHLQT, or more properly JHLQP. This indicator 
diagram is characteristic of the type of engine described in § 2; 
that is, of the high-speed, non-condensing engine with laige clear- 
ance and with the steam-distribution controlled by a single slide- 
valve, so that high compression is unavoidable with early cut-off — 
a class which includes also the ordinary simple locomotive. This 
type is here selected for illustrative purposes because the modifi- 
cations in the form of the diagram, caused by mechanical actions, 
are especially marked. Our present point of view is the acceptance 
of the diagram as an ac^complished fact, considering in general 
terms the conditions which produce certain effects, but postponing 
the intimate analysis of these conditions until the correlative 
subjects, such as the thennal action of the cylinder-walls and the 
working of the valve-gear, are taken up in detail. 

The diagram in Fig. 30, while modelled on that given by the 
indicator, is not a true indicator diagram; the latter has certain 
peculiarities, due to the instnmient itself, which are better left 
out for present pur])oscs. Further, the curves of expansion and 
compression are here exact hyperbolas. 

(b) Rkfkrkxce Links. — In Fig. 30, the foHowing reference 

or auxiliarv lines are drawn: 

90 
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The vacuum-line ON is parallel to the atmosphere-line PQ, at 
^^^ distance 14.7 lbs. per sq. in., to scale, below it. 

The end-lines GM and KN touch the diagram, marking off the 
length MN which represents the stroke of the piston, or, to a suit- 
^t>lc^ scale, the volume displaced by the piston in one stroke, also 
^^lled the nominal cylinder-volume. 

The distance MO is measured off to represent the clearance- 
^'^Hime to this same scale, and the clearance-line or pressure-axis 
^^ is drawn. 

The boiler-pressure line JK is at the proper distance above PQ. 
Tinally, the expansion-curve is produced upward to meet the 
^^ of boiler-pressure at H, and downward to the end-line at L. 




FiQ. 30. — The Indicator Diagram. 



(c) Admission. — Starting at A, we note first that the highejst 
pressure in the cylinder is below the boiler-pressure. Most of this 
loss is due to the resistances which the steam-pipe and the valves 
in it offer to the current of steam; though a part of the drop may 
be caused by the engine-valve and the ports. 

As the piston advances and the valve begins to close, the 
pressure falls off. Complete closure, or mechanical cut-off, is 
marked by the point B where the convex admission-curve merges 
into the concave expansion-curve — or where the curvature reverses 
in direction. But expressed in terms of the amount of steam 
admitted, rather than by the position of the piston when the 
edge of the valve meets the edge of the port, the effective cut-off 
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is at H: the volume JH measures, at boiler-i)ressure, the total 
amount of steam present in the cylinder. 

On account of all the resistances which the steam has to over- 
come in getting to the engine, there is then a loss of possible 
effective work represented by the area GHHA . 

(d) Cut-off. — There are several ways of stathig when the 
cut-off takes place : 

From the purely mechanical point of view, we have that the 
valve closes when the piston is at the distance RB along the stroke: 
that is, the ratio of apparent cut-off by the valve is 

,^ R.R ,. _ . 

^^^^MN (89) 

But in order to have a ratio of voliunes, we must include the 
clearance; the volume back of the piston at cut-off is SB, while 
that at full stroke is ON . Then the real ratio of cut-off by the 
valve is 

CvK=^ (90) 

All distances and volumes are expressed as fractions of the 
stroke or of the nominal cylinder-volimie, represented by MX, 
which is taken as unity. If we let i stand for the clearance-frac- 
tion, or the ratio of OM to MN, the relation results, 

^^•^^^ (91) 

In the figure, Cva=.35 and t=.10; then Cvu=. 45 4- 1.10 = .409. 

Finally, as the ratio of the initial volume of all the steam in 
the cylinder, when at boiler-pressure, to its final volimie when the 
stroke is completed, we have the effective real cut-off 

tER==^| (92> 

(e) Expansion.— Of the expansion-curv^e BC little need be 
said here: the conditions affecting its shape have been set forth in 
general terms in § 15 (e); in detail, they form a subject of vcrj^ 
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considerable magnitude, the treatment of which will be found in 
Part II. It may be remarked that the curve is seldom a true 
hyperbola, either falling below or rising above that curve, according 
to the conditions of working in the particular case. 

(/) Release. — ^The port is opened for exhaust before the 
stroke is completed, and the pressure falls along the release-line CD 
as the steam is discharged. In this case, about half the steam 
escapes from C to D, the rest from D to E. On account of this 
early release there is a loss of work represented by CLD. This loss 
is practically unavoidable, for if the valve were kept closed till 
tlie end of the stroke it could not be opened rapidly enough to 
avoid the dotted release-curve. 

The same causes that produce a loss of pressure during admis- 
sion are responsible for the excess back-pressure, which lifts the 
exhaust-line DE above PQ, and deducts another small portion 
from the area of the ideal diagram. 

{g) Compression. — ^All the departures from the ideal diagram 
which we have so far considered are due simply to the difference 
between actual and ideal methods of handling the steam, or of 
getting it to and from the cylinder: that is, the steam must always 
lose some pressure in getting through the pipes and passages, and 
the valve cannot instantaneously open and close fully. But in 
the compression curve we encounter a change w^hich is more funda- 
mental. The area JGFEP, taken from the gross area JHLQP as 
the result of clearance and compression, does not represent loss 
of mechanical energy in the same way as do AGHB, CLD, and 
DEQ. 

§ 19. Clearance and Compression. 

(a) Working Steam and Clearance Steam. — ^A clear under- 
standing of the effects of clearance and compression can bo gained 
by thinking of the steam in the cylinder as made up of two parts — 
the live or working steam which enters the cylinder to do work 
and escapes after the work is done, and the dead or clearance 
steam which, as a certain quantity, remains in the cylinder indefi- 
nitely, alternately expanding and contracting as the pressure 
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changes. We can even imagine the latter body of steam to be 
separated from the working steam by a sort of light diaphragm, 
which will move bark and forth in the cylinder like a loose auxiliary 
piston. When compression begins, at E in Fig. 31, this diaphragno 
is against the piston ^ and so remains up to F; then the piston 
stops, and the compression of the dead steam is continued along 
the curve FU by the fresh entering steam* 




7m N 

Feci. 3L — Mechanical Losses of Work-effect* 

(b) Free Expansion. — In aU our discussions of expansive 

action, up to the end of the last chapter, we have assumed that 
the condition stated in the definition of external work in § 7 (a) — 
namely, that the external pressure shaJl be always equal to the 
internal stress — has been perfectly fulfilled: in other words » that 
a condition of static equilibrium has existed throughout the whole 
body of working substance. But w^hen, as during the supple- 
mentarv' compression from F to U, steam flows through a con- 
tracted passage from a high-pressure chamljer (the steam-chest) 
into one where the pressure is lower (the cylinder) , there is a loss of 
effective work. The unbalanced part of the higher pressure 
accelerates the flow of the steam, acting against the inertia of the 
latter; so that ordinary pressure-work is transformed into kinetic 
energy of the swiftly moving current of steam. Then as the 
steani comes to rest in the cylinder, its velocity being dissipated 
in eddi^, this mechanical, kinetic energy is transformed back 
into heatj from which form only a fraction can possibly be recon- 
verted through a subsequent thermodynamic operation. 
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^m (c) Kinetic LosaE&.^In this particular case, the part VM of 

"the clearance-space is filled with new st^^am, whik* the dead steam 

fills the part OV. In filling MY, the whole external pressure-work 

AMVU is expended; but only the part MFUV, actually stored 

up by the compression of the clearance-steam, is ready to be given 

^^back m the frurn of pressure-work upon the piston during the 

^mxpansion. Then the area AFU represents the loss of available 

^Benergy caused by incomplete compraesion, 

^m The other losses shown by shaded areas in Fig* 31 are of this 

same characten the steam-pipe loss, GHKU, represents pressuiB 

that was used up in producing wastel velocities, cither in the form 

of eddy-curreots caused by the dra^ of the pipe-walls upon the 

steam-current, or of similar effects resulting from the passage of 

the steam around bends or through contractions. Likewise, AKB^ 

I CLD, and DEQ represent work which might have been utilized 

H against the main resistance of the engine, but which actually was 

^^ expended in moving the steam. 

i The whole subject of the kinetics of steam is fully discussed in 

^pthe next chapter, 

{d} Expansion op the CLEAitAjfCE-sTEAM. — Returning now 

^to the main question of the effect of clearance and compression 

^Bipon work-performance, we see that as soon as the pressure beginB 

^T/i fall, toward or after cut-off, the clearance-steaiti will expand 

xvith the working steam, fallowing the curve UFE du\ni U) the 

lowest pressure: so that the effective volume of the aetive steam 

is to be measured, at an}' pressure, from this curve — or from the 

podtion of the imaginary diaphragm separating the two bodies 

of stream. Since this curve extends far to the right after it geta 

below the level of the release-pohit C, the result of this action is to 

dimiDish very considerably the amount of working expansion 

realized in the cylinder, 

(r) Expansion of the Working Steam,— This effeet can 

ibest be shown by the method of Fig. 32, ^\'hif■h is derived from 

^vig. 31, the reference*cnrve GFE being rectified and the volume- 

^^ibscissas shiftefi horizontally to correspond. The performance 

of the clearance-steam is now shown by > JP, and can be 

left out of CO ^titmr and the e onnance of the 
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working steam, freed from complications, is given by the dis- 
torted diagram ABCDEF. It appears that the true ratio of 
expansion is most fairly given by comparing the maximum volume 
RT with the initial volume GH. 

In Fig. 30, the apparent effective cut-off ratio, GH to MN, is 
0.25; the ratio of volumes, including clearance, JH to ON, is 0.318: 
but the true effective ratio, GH to RT in Fig. 32, is 0.354, or the 




hi 

Fig. 32. — The Diiagram of True Expansion. 



ratio of expansion is 2.82. It is merely a coincidence that this 
happens to agree with the apparent cut-off by the valve, RB to MN 
m Fig. 30. 

This method of changing the shape of the diagram so as entirely 
to eliminate the clearance-steam is especially useful when the sev- 
eral indicator diagrams from a compound engine are to be com- 
bined; because the weights of dead steam in the successive cylin- 
ders are likely to be quite different. With the simple engine, 
however, after we have used the illustration in Fig. 32 to gain a 
clear idea of the steam-action, we can go back to the actual dia- 
gram and get from it all the information given by the derived . 
diagram. 

That the curve HBL in Fig. 32 is a hyperbola referred to the 
axes OG and ON should be evident at sight; but a rigorous proof 
of this fact is as follows: 

In Fig. 31, let the equation of the curve HBL be pr=C, and 



i i^ m 



CLEARANCE AND COMPRESSION. 



07 



tlifli of GFR be pv'^C: then for the difference of volunie.s we 
have 

P(r-?0=C^C', ...... (93) 

ami thk difference is the abscissa in Fig, 32, 

(/) The Effkctivk Ratio *jf L:xpa\hiox\— Returning to the 
primary steam diagram, we have illustrated firnt in Fig, 33 a 
methiwi of applying the criterion just developed for determining 
the true ratlin of expansion. The eompreasion-hjperbola EF m 
transferred bodily over to the position STp where it is tangent to 
the reiease-cur\^e CD— thfe transfer being most easily made by 
means of a teniplate of the curve. Then this curve Is identical 
with the straight end-iine ST of Fig. 32, all horizontal distance 
between it and the original curve EF being the same. The ratio 
of this distance ET to GH, which measure£> the volume of the work- 
ing steam at boiler-pressure, is the d^ree of expansion effectively 
realised. 

It might be considered better to locate the end-line 8T in 
Fig. 32 » or the curv^e ST in Fig. 33, in such a position that tlie area 
enclosed by this line, the expansion-curve produced, and the 
bacl<-]>rei5i;ure line — ^a shape like the scjiiarcd-cuff encl of the ideal 
steam diagram of Fig. 29 — would be equal to the area of the rounded 
nose of the actual diagram. This would give a more exact measure 
of the effective expansion; and in most cases the curve could be 
located and sketc^hed in by eye with accuracy sufficient for practical 
puqiost^s. 

With the diagram fastened down on the drawing-board and 
Uie scale kept horiz<rntal by the T^quare* the maximum distance 
etween the compression-curve FE and the release-curve CD can 

measured by trial, without going to the trouble of drawing 
the curve 8T. 

Ig) The MuisT Adv.^xtaueous Compression.— Fig* 33 illus- 
ites also a method of finding the amount of compression that will 
In e the highest ratio of Wt>fk dtme to steam used for a particular 
aei of conditions. Havint irancc fixed, and assuming that 

ae AliCD is not i ! r 'he compression, we draw 

litb«*r iif different ..las, covermg the range 
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pression up to the admission-pressure. Then for each case the 
work-area ABCDEFA is measured with a planimeter and the 
ratio found which it bears to the steam-volume at boiler-pressure^ 
GH. From the figure, as drawn, the following values were found: 



CMeNo 


1 


2 


3 


4 


5 


Work area, souare inches. . . 

Steam vol., GHp inches 

Ratio 


15.05 
2.62 
6.76 


16.08 
2.77 
5.80 


16.96 
2.02 
5.81 


17.60 
3.07 
5.73 


17.86 
3.21 
5.66 







Laying off these ratio-values to scale from JP as a base-line, 
we get the curve IK; and it appears that the maximum of efficiency 
will be secured when the compression is about midway between 
curves 2 and 3 in the figure, rising to the height R. 

This graphical method is decidedly preferable to an attempt 
to get a general mathematical expression for the ratio of \vork 
done to steam used : such an expression would be very complicated, 
and could be made only approximate at best. 

It must be borne in mind that certain minor influences are 
here neglected. With any actual valve-gear, changing the time 
when compression begins will also modify, more or less, the shape 
of the release-curve. Further, it is likely that the amount of 
cylinder-condeasation will vary slightly with the compression, 
so that the steam use<I will not always be measured to quite the 
same scale by the intercept GH. Hut these influences will have 
only a secondary effect upon the shape of the cur\'e IK. 

(A) General Coxsidehations as to Clearance. — The two 
evils due to extreme conditions, between which a middle course 
must be chosen in order to get the best result, are as follows: 

Low compression leads to too great a loss due to filling the- 
clearance-space, represented by the area between AF and OF ii^ 
Fig. 33. 

Too high compression, by reducing the effective ratio of expaor- 
sion, outs away work-area at the other end of the diagram. It 
goes without saying that the compression shoukl not be carried 
:i])ove the admission-pressure — which sometimes happens 
the viilvo is not j)roj)orly j)roportionod. 
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A little study of Fig. 33 will show that as the ciit-ofT becomes 
earlier, and the release-pressure at C lower, the compression should 
be greater; but as C rises with late cut-off, the amount of com- 
pression should diminish. In the latter case not only does the 
greater height of C increase the loss of area due to a sliortening 
of the effective length of the diagram by high compression; hut, 
on the other hand, an absolute increase in the waste-area AFG may 
not signify a relative increase, when we consider the larger quantity 
of steam going through the cylinder per stroke at late cut-off. 




Fig. 33. — The Effect of Compression. 

With the general statement that the single slide-valve gives 
just this desired compensating effect, increasing the compression 
as the cut-off is made earlier, we will drop this matter until the 
subject of valve-action is taken up. 

(i) Measuring the Clearance. — ^The clearance-volume in 
any engine can either be calculated from measured dimensions 
or found by an experimental method which consists in filling the 
space \^'ith water and measuring the amount nxjuired. It can 
also be estimated from the diagram, on the assumption that the 
compression-curve Is an equilateral hyperbola. One way is to 
reverse the construction given in Fig. 14, choosing two points 
A and B on the curve as in Fig. 34 1., drawing the rectangle ACHl), 
and finding where the diagonal CD cuts the va(*uum-line. A i)rop- 
erty of the hyperbola which gives a rather more conv(»ni(Mit method 
is, that if a secant line EBAF be drawn across the curve and its 
axes, the intercepts BE and AF will be dpial. 
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The ftp] atioii of tbf^ fimt cotmimc^m to an firtital Inclieator 
lUaf^nm—tAkpn fnxn Fig. 37— is illu^traM in Fig. 34 IL: il 
apfieaiB llmt ihi^ drti-miui&tkiti m jujI viify ffeSaiK*, mi tliat h 
oiiiit be iitppkmi^titi^) by & luimrledgf^ of probeblff proportioiii 
and bj lb& uac of food |udgmmt Ttdermg to Fig. 37, im iee 





¥m, Z€.-4kmm;t^mkm for 



Ihil the tnifl hyperlKite dmirn fTTim the 0rigi& herv found 

Tlw eotvtnwtioii fur rlcmraAer mk fat b^ appBed to tb^ expm- 
riBO<«iirr^. M ibcnm at L: bttt H it md^t that, the farther the 
(if 1 ii tmm the on^^ the gnmttf^ wiH b« ikm^ cffcirt nf a 
rlpHerticm ol the radial ivL; so that, aade fam aaj qoistiofi 
^, . .1. ^ mrifT Iff the emvm, it ii brilcr to mm that which « 
n«ar^ cjw mxe». 

Ait (A tUbi^ value of the clearance-fractioii, the statement that 
'hff i^mmMt i4 the G>fiMs t3rpe it ranges from M to iM, wfale in 
hftlfJiHt^viHMI. AJlkle^valve engines the range is from j06 to .12, is wdl 
j|iu»TUi&^ hj f^rattice: m f^ome extreme cases the 
tuttdhi itit 210i pier oent. of the nominal eyiinder-vohmie. 



{ 20. Work Dooe and Steam TSwtL. 

(vj Mji£.« Em>rrnrE Pild^^vuk. — In determining by means of 

tii» itldi^•li.Vlr d-'inrngu tiie irork done or the poiner d e v e loped by 

-Cli*' *.-t*:tttrj iu likt «nrm<^. "w^** do rK*t use the diagram as a direct 
iu»jttwitj> m5 wfjrL, thruo^L a work-acale like that aHosteatod in 
J'ir y^ ' ^''-'J f''Il«T«- ThXh^ tljt^ fOTTipler process sue^ested by Eiq, (86), 
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G)nsidering the diagram in Fig. 35, we have that during the for- 
ward stroke, from M to N, the steam does upon the piston an 
amount of work represented by the area ABCDNM; reducmg 
this figure to an equivalent rectangle, we get the mean total pres- 
sure pmf or GM. Similarly, during the return stroke, the work 
done upon the steam by the piston is DEFMN, and the corre- 
sponding mean back-pressure is pmb or MK. Then the mean 




M N 

Fia. 36. — Groas and Effective Work. 

effective pressure, or the mean intercepted ordinate of the figure 
ABCDEF, is GK, or 

Pm = Pmf-Pmb (94) 

In practice, we do not derive the M.E.P. from Pmf and pmb, but 
find it directly by measuring the area of the enclosed diagram, 
dividing by the length so as to get the mean height, then multiply- 
ing this mean height by the pressure-scale. 

(6) Work per Revolution. — ^Although pm actually repre- 
sents the difference between the two quantities of work done 
upon the piston in the two strokes which make up one revolution 
(one work is positive, the other negative), we treat it as if it were 
simply an unbalanced pressure acting upon the piston through 
the forward stroke. Then if A is the area of the piston in square 
inches and S the length of the stroke in inches, we have for the 
work done in one end of the cylinder per revolution 



lJ=Vu.A^ F.P. 



(95) 
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In the other end of the cylinder there is done a similar amount 
of effective work, but generally not quite the same : how nearly alike 
the two M.E.P.'s will be depends upon valve-action, and they 
may be very different if the valve-gear is in bad adjustment: 
further, the area of the piston is reduced on one side by the cross- 
section of the piston-rod, so that generally the two ^'s are not 
the same. In any case, the sum of the two separate C7's gives 
the total work per revolution. 

Note that the use of the ordinary M.E.P. does not give the 
work per stroke: to get this, we should have to subtract from the 
forward-pressure work on one face of the piston the simultaneous 
back-pressure work on the other face. But while the separate 
works per stroke would not, in general, be the same as the works 
in the two cylinder-ends, the sum of either two would give the same 
total work. 

(c) Horse-power. — Letting N be the nimiber of revolutions 
or of double-strokes per minute, we have for the indicated horse- 
power developed in one end of the cylinder 

Pj^ASN 
^^12X33000 ^^^ 

Having found the several partial I.H.P.'s, as H^y H^, etc., we 
get the total power by taking their sum. 
The constant part of this formula, 

AS 
^•^•^12X33000' ^®^^ 

which we call the engine constant, can be worked out once for all 
in any particular case and kept on record. It can most conve- 
niently be found with the help of Table VI. 

We distinguish two measures of the power of an engine: first, 
the indicated power, or the rate of work-performance by the 
steam in the cylinder, as shown by the indicator; second, the 
effective power delivered by the machine, after its own internal 
frictional resistances have been overcome. The ratio of effective 
to indicated power is the mechanical efficiency of the engine. 
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(d) Measurelmext of Steam Used,— To pass from work per 
Tevolution or LH,P., which is purely a measure of mechamcal 
performance, to the thermotlynaniic question as to how much 
work is done by one pound of steam ar, conversely, how many 
pounds of steam are required per horsepower-hour, we must 
have a measure of the amount of steam used by the engine per 
stroke or per hour. This can be determined actually and exactly 

Illy by a test in which the steam is weighed (or measured) as 
ater, either as feed-water before it goes into the boiler, or after it 
as been bi-ought back to water by means of a surface-condenser. 
The former method ia available when the output of one or more 
boilers can be wholly devoted to the engine tested; and is liable 
to error causetl by insufficiently accurate determination of the 
amount of water in the boiler at the beginning and at the end of tue 
teat. The second method gives the surest results, but calls for a 
supply and arrangement of apparatus which is not usually available 
except in a special laboratory or testing plant. In any case, a 
test of this sort involves a great deal of work, and some easier way 
of at least climating pretty closely the steam-consumption of the 
engine is very desirable. A method of doing this, foreshadowed 
in Fig. 29 and § 17 (c), will now be fully developed. 

(e) Indicated Steam-consumption\ — From the indicator dla- 
we can get a close measurement of the *' steam'' that is 
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Fig. 35, — IMUl U*t l.S.C. 



f^sent in the cylinder as steam — in dbtinction from that j>art ui 

working medium which goe.H through the engine m water, on 

count of cylinder-condensation or of initial moisture in the steam. 
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Corresponding to any point on the expansion- or compression- 
curve, there is in the cylinder a definite volume of steam whose 
pressure is known, so that its weight per cu. ft. is determinable 
from the Steam-table. Suppose that we wish to find the indi- 
cated or apparent steam-consimiption showTi by the diagram in 
Fig. 36. For a point E on the expansion-curve, we have that the 
space filled with steam of the pressure p^ and specific weight d^ is 
made up of two parts — the volume back of 'the piston from its 
initial position, or GE, and the clearance-volume FG: expressing 
this whole volume as a fraction of the piston-displacement in one 
stroke, represented by MN, we use 

FE_ 
Then the volume out to E is 

and the weight of saturated steam in the cylinder is 

This measures the total steam, both working-steam and clear- 
ance-steam: for the latter alone, taking a point C on the com- 
pression-curve, we have 

DC 

— = c, fc = cF, Wo^Vcdc. 

Then for the working-steam, or the weight of steam apparently 
used per revolution, we get 

w^V{ed^-cdc) (98) 

Letting K stand for the expression in parenthesis, this formula 
becomes 

w=KV] • (99) 

and we see that K may be defined as the indicated steam-con- 
sumption per cubic foot of piston-displacement. 
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The simplest case of this determination is encoimtered when 
the points E and C lie on the same horizontal line, so that d^^dc; 
for then 

K=(e-c)dj, and («-c) = ;^- • • • (100) 

(/) I. S. C. Per Hour and per Horse-power-hour. — ^Now 
the piston makes 60 N out-strokes in one hour, N being the num 
ber of revolutions per minute, or the R.P.M.; then the I.S.C. in 
pounds per hour is 

W=60KNV (101) 

This is for one end of the cylinder, or for one diagram: a similar 
value would be found for the other end, and the sum of the two 
would give the total steam shown by the indicator. 

If we let Vp stand for the total piston-displacement in cubic 
feet per hour in both directions, so that 

rp = 60iV(F^+F,), (102) 

and find a mean value of K from the two diagrams, then the sim- 
plest way to get the I.S.C. per hour, total, is to substitute in 

W=^KrnVp (103) 

In terms of stroke and piston-area, 

,. AS , ^, ..ASN 

^-1728 ^^^ ^=^28:8 

-from (101); dividing this by the formula for I.H.P. in (96), we get 

_ W 13750 

where Tr„ stands for I.S.C. per H.P.H. 

This method is generally used where isolated diagrams are 
worked up, while that of (101) and (103) is better for long tests 
with imiform conditions, especially where the actual steam-con- 
suniption is also being measured. 

Note that when two values of W^ have been found from a 
pair of diagrams, their meariy not their sum, is to be taken to get a 
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result for the whole engine; because each value is the ratio of thc^ 
st^am passing through one end tt) the work clone by that steam. 

The point E may be located anywhere along the expansion- 
curve, but is usually taken either just aft^r cut-off or just before 
release. On account of re-evaporation during expansion^ the latter 
position will usually give a larger 1,S.C. than the former, 

(g) WoHKiNa Up Indicator Diagrams.— The application of 
the methods developed in this and the two preceding sections 
will now be illustrated by the complete work-up of a pair of dia* 
grams, shown in Fig. 37, 





Fig. 37, — Ifiagraras from a High-epeed Steam-Hengine. 

The fundamental data from the engine are: 

Diameter of cylinder. , » , . . 14" 

Stroke of piston 14" 

Diameter of piston-rod .....*....,., 2.25'^ 

These are more concisely stated by giving the size of the engine 
as 14x14—2.25^ diameter of pisttm being always given first* 
The derived constants are : 



head end 153,9 sq. ins. 
crank end 150.0 " " 



Piston-area, < 
Eng,neco»U..,,)J-l-',;°»««^(97). 



From the diagrams, by the method of Fig. 34, the clearance ^ 
found to be about S per cent.; and this ejcact value is used, no 
direct determination having been made* 

The three important valve-action ''events/' cut-off, release, 
and exhaust-elositre, are marked by short cross-lines, as in Fig* 10, 
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Then the position of the piston for each of these events, expressed 
by a stroke-fraction estimated from the zero end (as distinguished 
from the full-stroke end) of each diagram, is given by the following 
table: 

Table 20 A. Location of Valve Events. 



Event. 


Cut-off. 


Release. 


Compression. 


Head end 


.31 
.29 


.86 
.85 


.37 


Crank end 


.36 







The diagrams were taken with a spring of 60-scale in the indi- 
cator, so that the scale of the ordinate is 60 lbs. per sq. in. to the 
inch. In precise work the indicator-spring must be calibrated 
by comparison with some standard of pressure, and the exact 
scale thus found is then used in the calculation of results; here, 
however, the nominal scale will be used. 

The general observations particular to this set of diagrams were: 

Steam-pressure 105 lbs. by gage. 

Speed of engine 225 R.P.M. 

AU the reference lines given in Fig. 30 are drawn on both dia- 
grams; further, hyperbolas are passed through selected points on 
both the expansion- and the compression-curves, for comparison 
with these curves. Then the method of Fig. 33 is used to get the 
realized effective ratio of expansion, which comes out: 



O Of) 

Head, =^=3.08; 



9 *^f\ 

Crank, £^ = 3.13. 



The manner of calculating the horse-power is outlined in the 
following table: 

Table 20 B. Calculation of I.H.P. 



Cylinder 
End. 


Area 
Diagram. 


Length 
Diagram. 


Mean 
Height. 


M.E.P. 


LH.P. 


Ends. 


ToUl. 


H 


2.50 
2.40 


3.10 
3.13 


.806 
.796 


48.35 
47.70 


59.25 
57.00 




C... 


116.25 
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Using the E.G., the I.H.P. for one end is got by multiplying this 
constant by the R.P.M. and by the M.E.P., as indicated by (96); 
thus for head end, 

//= .005446X225X48.35=59.25. 

To get the I.S.C. we use the points through which the hyper- 
bolas are drawn; from the dimensions marked on the figures the 
following table of uitermediatc and final results is worked out. 

Table 20 C. Calculation of I.S.C. 



Cylinder End. 


€. 


c. 




ed^. 


cdQ. 


II 


.429 
.396 


.339 

.297 


.2064 
.0621 


.08863 
.08170 


02101 


c 


.01845 







Cyliiuler End. 



H. 



.06742 
.06325 



13750 
M.E.P/ 



2S4.5 

288.0 



I.S.C. 




Ends. 


Mean. 


19.16 
18.20 


18.68 



Here formula (102) is used after K has been found, and the 
result is in pounds per H.P.H. To get the total steam per hour we 
can combine the final results, so that 

W=11().25X 18.68 = 2171. 



Or, after finding the A!\s, we compute: 

Head. 

Cylinder-volume, V = 1 .246 
Piston-displacement, Fp= 16820 



Crank. 

1.215 cu. ft. 
16400 per hour. 



Then 11^ 



( Head 16820 X .06742= 1134 
(Crank 1 6400 X. 06325 =103' 



n= 



2171 lbs. 



Note: The slide-rule is especially adapted to computations 
biised upon data of the degree of accuracy here attainable. 



f 21 (a)] ESTIMATING CYLINDER- CONDENSATION. 109 

§ 21. Estimating Cylinder-condensation. 

(a) Formula for Fraction of Steam Condensed. — ^From a 
study of the published records of a lai^e number of engine tests, 
the writer has devised the formula given below, by means of which 
the fraction of the total steam that is not shown by the indicator 
can be pretty, closely estimated : this fraction corresponds to m^ 
in Eq. (83). The formula is rational as to the elements involved, 
but empirical as to the amount of influence which each exerts: as 
here set forth it is lunited to cylinders which are not steam-jacketed; 
and it is justified only to the degree in which results found by it 
agree with the data upon which it is founded. 

The formula is 



•27 IsT ,,^,^ 



.27 

where 

Ar=R.P.M. of engine; 
5=a constant obtained by dividing the surface of the 
nominal cylinder in square feet by its volume in 
cubic feet; 
r=a special function of the pressure, analogous to tempera- 
ture, shown in Fig. 38 and given in Table 21 A; 
p is the absolute pressure at the point E, Fig. 36, for 

which the I.S.C. is found, and 
e has the same meaning as in § 20 (e), being the ratio 
of the volume at E, Fig. 36, to the nominal cylinder 
volume, 
(ft) Influences Affecting Cylinder-condensation. — There 
are three major influences to be considered; these are: 

1. The amount of metal surface exposed per unit weight of 
steam present, proportional to s/pe. 

2. The total range of temperature in the cylinder, from 
admission to exhaust, represented by T. 

3. The time of the whole operation, proportional to 1/N. 

(c) The Surface Effect. — Of the total interior surface of the 
cylinder, that part which may be called the clearance-surface— ^ 
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including the cylinder-head and the piston-face, with the steam- 
passages — is what is chiefly active in causing condensation. If 
we may assume that the cylinder-bore is of secondary importance, 
then the effective surface, to which is exposed the steam admitted 
in any one stroke, is practically constant. As a convenient and 
fairly approximate measure of this surface, we may take it to be 
proportional to the inside surface of the nominal cylinder, or to 
S' from 

^'=^i-ra+'m <'»•> 

where S and D are the stroke and diameter in inches, and S' is in 
square feet. 

Of course, variation in the ratio of stroke to diameter, in the 
type of valve-arrangement, and in the shape and size of the steam- 
passages will affect the validity of this measure. But for the 
general nm of slide-valve engines the variation is not great; and in 
the case of engines of the Corliss type, the smallness of the port- 
surface is neutralized by the large amount of surface around the 
exhaust-valve, which has a relatively high condensing effect. 
The range of data available is less complete than might be desired; 
l)Ut so far as can be seen, this rough assumption as to the size- 
offcK't scorns to be well justified. 

(d) Thk Rkl.\tive Surface Exposed.— The weight of steam 
apparently present in the cylinder at cut-off is that required to 
fill the fraction e of the nominal volume T' at the pressure p: it is 
{;ot by dividing the actual volume eV by the specific steam-volume v. 
Since p and ?' (using v instead of s in Eq. (61) ) are related by the 
equation pr^-^5 = C, not greatly different from pv=C, we may 
take V to be approximately proportional to 1-J-p, and get 

yOc/Kl' (107) 

Now for a (|uantity proportional to the surface exposeil per 
})Oun(l of steam we have 

'■^"'■'vh^ ("«' 
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The constant s^S'-i-V may be called the specific surface of the 
•cylinder, or its surface per cubic foot of volume. Dividing (106) 
by V, we get 

In (108) we find the ratio of the cylinder-siirface to the indi- 
cated steam : it would be more logical to use the total steam ; but 
this could be done only by greatly complicating the formula, or 
hy using the trial method, with successive subsstitutions. This 
fontiula works quite wtII if it m not carried to the extreme of 
\'er\' early cut-off, where the condensation becomes relatively so 
large that a close prediction of its amount can hardly be expected. 

{d) ToiPEEATUKE AND TiME EFFECTS.^It IS apparent that the 
amount of heat-interchange between steam and cylinder-walls mil 
depend upon the range of temperature in the cylinder. But it w*aa 
found that the ver>' large increase in range causetl by dropping to 
condenser temperatures exerted too great an influence in the 
fonnula; while in the fii^t cylinder of a multiple-expansion engine 
the range was too small to accoinit for the condensation. To use 
the range of pressure would give an em>r in just the opposite 
direction^ making the moisture figure out too small with condens- 
ing engines, too large with compounds. 

To get around this diificuUy, at the same time avoiding any 
<!omplex mathematical expression in terms of temperature, the 
artificial functinn T was laid out Vjy trial; this is shown in Fig, 38, 
pkitteil on p as a base, with the temperature-curve (the same as 
Ciine 1. in Fig. 21) dotted in for comparison. To get T for the 
f<*rnnjla. look up T^ anrl T^, corresponding to the highest and 
U>wcst i*ressure3 in the engine, then 



r=^i\-i\ 

Do not confuse this T with the absolute tem|)erature. 
Again, the tinie jiernutted for the whole operation of the cycle 
will have an influence upon the condensation ^ diminishing b<>th 
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the impartation of heat to the metal during admission, and the 
cooling of the cylinder by the exhaust steam. The time-effect was 
found to be well represented by using the cube-root of N. 

SOOr 




50 p 100 t50 200 

Rq. 38.— The Temperature Function T. 



2S0 



^O 



Table 21 A. Values of T for Equation (105). 



p 


T 


P 


T 


1 

P 





170 


45 


262 


' 115 


1 


175 


50 


269.5 


, 120 


2 


179 


55 


277 


1 125 


3 


183 


60 


284 


130 


4 


186 


65 


291 


i 135 


6 


191 


70 


297.5 


140 


8 


196 


75 


304 


145 


10 


200 


SO 


310 


150 


15 


210 


85 


316 


155 


20 


220 


90 


321.5 


160 


25 


229 1 


95 


327 


i 165 


30 


23S 


100 


332.5 


' 170 


35 


246 


105 


338 


175 


40 


254 


110 


343 


ISO 

1 



348 

353 

35S 

362.5 

367 

371.5 

376 

380.5 

385 

389 

393 

397 

401 

405 



p is absolute pres-sure in pouiiti.s jwr square inch. 
T is the temperative function in degreeM F. 



p 


r 


185 


409 


i 190 


413 


' 195 


416.5 


200 


4-20 


210 


427 


2'20 


434 


230 


441 


240 


447.6 


250 


454 


260 


460.5 


270 


467 


280 


473 


290 


479 


300 


486 
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Example. — Appl3dng this formula to the diagrams worked up in the 
last section, we get 

s=J|(2+4) = 5.l4; 

iV = 225; ^iV-6.08; 
p, = 102; T, = 334.7; 

p,= 15; 7,= 210.0; 7=124.7; 

p=90; mean value of e=.412. 



Then 



.27 |_5. 



''''''''' .185. 



90X .412 



Now, of the total steam, the I.S.C. represents the fraction (1— m): 
then for this case we have 18.68 -^ .815 = 22.9 lbs. per H.P.H. as the 
probable actual steam-consumption. 

(e) Results from Engine Tests. — In Table 21 B are given re- 
sults from a number of different tests, selected partly with a view 
of giving some idea of the performance of engines, chiefly to exhibit 
the application of the cylinder-condensation formula. The sym- 
bols at the heads of the colunms have the following meanings: 

2 Des.= designation of the particular test in the original pub- 
lished table of results; most of the examples here 
given are taken from series of tests of the particular 
engine. 

3, 4, diameter and stroke of the engine-piston. 

5 iV=R.P.M. of engine. 

6 P= pressure of steam before it gets to engine, taken either 

at the boiler or, where so determined, from the steam- 
pipe. 

7 Pi= highest pressure in cylinder during admission. 

8 p2 = lowest back-pressure during exhaust. 

(All these are absolute pressures.) 

9 6^= apparent cut-off, corresponding to Cva in § 18 (d). 

10 pm = M.E.P., average for the two ends. 

11 ^==I.H.P. of engme. 

12 S=measured steam-consumption, in pounds per H.P.H. 

The letter F means that the steam was measured as 
feed-water, C that it was w^eighed after condensation. 
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Table 21 B. Results fbom Engine Tests and 



, 


•J 


3 


4 


5 


« 


^ 


8 


9 


10 


11 


Nu. 


I) 
B 
5 


DUm. 

5S 

5S 
36 


Str. 


\ 


P 


Pi 


P» 


«A 


Pm 


H 


3 


105 

105 

96 


6 6 

6 6 

13.9 




49 
40 6 
34.3 


2.0 ' 

13 1 
2.7; 


.38 
.32 
.25 


34.4 
25.0 
17.4 


317 

229 
118 


1 
'> 
ti 

7 

s 


K 
J 

K 

1. 


40 
34 
32 

• 4 

•JO 
JO 


72 
00 
00 

4S 
4S 


39 6 
59 9 
5M 6 
59 1 
01.7 
00.3 


64 9 
97 
XI 
W > 
99 4 
81 9 




57 
1.1 
2 9 I 
3.1 1 
2.6 i 
2.8 1 


.29 
.17 
.32 
.27 
.18 
.14 


26 9 
37.2 
40.0 
38.3 
41.8 
22.8 


406 
60^ 
567 
548 
195 
104 


II 
\J 
13 


I) 
A 
11 
H 


•js 
•J3 

•2S 
12 


(lO 
00 
4S 
36 


04. K 

74 7 

1 53 2 

72 7 


115 7 
S7 
K4 3 

105 1 




18.9 ! 
17.5 1 
20.6 
17.0 


.32 
.37 
.18 
.34 


41.2 
33.1 
17.7 
42.2 


493 
309 
139 
73 5 


It 
la 
Mi 
17 


1 

7 
13 . 


17 

• 4 

1>U 


24 
plex 


1 45 
71.4 
43.8 
47.6 


144 
143 
145 
139 


119 
133 
141 
129 


15 4 

16 2 
16.2 
19.5 


.19 
.19 
.27 
.47 


29.0 
31.0 
52.6 
65.4 


128 
212 
223 
453 


IS 

h» 

Ml 

•1 


II 
lA 


17 


30 

44 
44 
44 


01 9 

, K.O 
1 KO 
, SO 


104.9 
107.0 
100.6 
108.4 


98 9 
107.0 

94.3 
108.4 


16 
16 
16 
16 


.226 
.271 
.107 
.153 


44.6 
5S.0 
26.3 
42.2 


91.6 
16 6 
75 1 
12.1 


M 


V 
I.I 


10 


IS 
|»l»iX 


' 40 3 
, 10 3 




86.5 
91.0 


2.5 
16.7 


.114 
.114 


35.5 
25.1 


51.0 
30 


'4i 


\ I 
Li 


u 


3(1 


sr> 4 

' S5 

■ S4.7 


112 
120 
129 


108 
110 
125 


0.0 
16.8 
29.8 


.195 
.141 
.268 


54 7 
40.4 
47.9 


52 4 
57 7 

88.6 


■. 




Hi 


20 


120 


135 


124 


17.5 


.177 


38.5 


80.3 


l) 


il(i 

iO.i 


^ 


24 


50.4 


85.7 
80.7 


79.0 

84.1 


10 
16 


.053 
.200 


10.6 1 
28.2 


3.9 
10.0 


iU 
i 1 
i.' 


1 1 ■ 
11 IJ 


, 1 i 




1 40S 

4(Mi 

' 13S 


05 5 
130.7 
120.1 


.50.7 
100.3 
108.7 


14.5 
15.0 
15.5 


.437 
.216 
.210 


22.6 
38 4 
44.3 


19.8 
33.6 
13.1 


i 1 
.1 
• ■1 


111 . 
iV 1 


10 


•• 
•• 


1 405 
402 
212 


119.3 
148.4 
119.0 


97.8 
130.0 
109.1 


48.6 
51.0 
50.2 


.470 
.362 
.470 


33.0 
38.6 
40.2 


28.7 
33 3 

18.3 


tii 


\ u ■. 


/ 





iOO 


im).4 


149.7 


103.4 


.647 


39.5 


34.6 
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Application of Condensation Formula. Table 21 B. 
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12 


13 


14 


15 


16 


17 


18 


19 


20 




S 


8' 


• 


t 


T 


P 


e 


m 


m' 




30.3 F 
30.6 " 
34.5 '* 


20.9 
19.3 
20.8 


1.06 
1.06 
1.60 


154 
158 
121 


89.0 

78.8 
63.1 


45.0 
36.1 
33.3 


.46 C 
.40 " 
.33 " 


.312R 
.374 " 
.396 " 


.306 
.344 
.372 


1 
2 
3 


24 3F 
18.5 " 
19.9 " 
19.5 " 
19.2 " 
21 2 " 


19.2 
12.4 
16.1 
15.2 
14.2 
13.8 


1.50 
1.81 

1.90 

It 

2.90 
2.90 


130 
220 
173 
174 
192 
176 


99.5 
147 
125 
130 
147 
127 


66 
97 
81 
85 
99 
82 


.31 R 
.19 " 
.34 " 
.29 " 
.20 " 
.16 " 


.21 C 

.as " 

.19 " 
.22 " 
.26 " 
.36 " 


.216 
.263 
.205 
.219 
.316 
.366 


4 
5 
6 

7 
8 
9 


25.8 F 
27.8 " 
34.0 " 
29.3 " 


21.2 
23.4 
23.8 
20.8 


2.11 
2.49 
2.21 
4.67 


113 
97 
86 

112 


131 

103 

94 

127 


116 
87 
84 

105 


.33 R 
.38 " 
.20 ** 
.36 " 


.18 C 
.16 " 
.30 " 
.29 " 


.181 
.179 
.263 
.263 


10 
U 
12 
13 


30.2 F 
29.0 " 
26.8 •' 

28.3 '• 


21.4 
21.2 
20.3 
24.0 


3.83 


124 
127 
132 
118 


13S 
145 
152 
140 


100.4 

98.8 

115 2 

102 4 


.285 C 
.286 " 
.368 " 
.ooo 


.301 C 
.271 " 
.242 " 
.151 '* 


.292 
.269 
.269 
.204 


14 
16 
16 
17 


27. 5C 
36.1 '• 
28.0 " 
38.7 " 


20.2 
19.8 
19.0 
22.0 


3.62 

n 
« 


111 
116 
107 
117 


120 
128 
114 
129 


92.8 
104.5 

S9.0 
106.9 


.297 C 
.342 " 

. 178 " 
.224 " 


.267 C 
.460 *' 
.320 " 
.568 '' 


.272 
.474 
.313 
.683 


18 
19 
20 
21 


34. 7F 
42.6 " 


19.4 
29.7 


4.33 


183 
107 


137 
110 


86.5 
91.6 


.184 C 
.184 " 


.441 R 
.304 " 


.480 
.418 


22 
23 


23. 6C 
16.4 " 
15.3 " 


15.0 
10.1 
11.2 


6.00 


163 

124 

94 


150 
135 
120 


103.1 
112.0 
119.5 


.271 C 
.218 " 
.345 " 


.365 C 
.386 " 
.268 " 


.347 
.364 
.267 


24 
26 
26 


26.6 F 


19.4 


4.51 


123 


142 


115.0 


.294 C 


.243— 


.236 


27 


57.9 C 
37.5 " 


18.9 
19.1 


7.0 

' it 


95 
99 


97 
103 


70.4 
70.4 


.093 " 
.240 " 


.674 C 
.491 " 


.692 
.462 


2S 
29 


36.0 F 
26.0 " 
31.2 " 


29.0 
18.3 
17. 3 


7.5 

It 

u 


70 
119 
119 


63.7 
129 
130 


42.8 
87.1 
93.1 


.497 C 
.276 " 
.276 " 


.193C 

i .296 " 

.446 " 


.173 
.232 
.322 


30 
31 
32 


22. 8F 
20.3 " 
23.1 " 


20.5 
17.4 
18.4 


9.0 

(t 

a 


46 
65 
53 


65.4 
92.2 
72.3 


88.3 

112.2 

, 92.7 


.570C 
.462 '' 
.570 " 


.102C 
. 143 " 
.203 *' 


.126 
.147 
.169 


33 
34 
36 


19.4 F 


18.3 


11.0 


38 


44.3 

1 


146.1 


.772 C 

1 


.055 C 


.076 


36 
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13 iS' = I.S.C. in same temis as S, determined here from S 

through the moisture-fraction m in Col. 19. 

14 s= surface-coefficient of engine, by (109). 

15 t = range of temperature in cylinder, given for comparison 

with 1\ 

16 7"= range of the artificial temperature of Fig. 38 and Table 

21 A, according to Eq. (110). 

17 p= absolute pressure at cut-off. 

18 e= ratio of volume at cut-off to nominal cylinder-volume, 

as in (105) and in § 20 (e). Where marked C, e has 
this meaning, being equal to Cj^ in Col. 9+ fraction of 
clearance: but where marked R, e is the reciprocal of 
what is given as the ratio of expansion, the data being^ 
in that form. 

19 m= fraction of cylinder-condensation, or of steam not shown 

by the indicator, from actual measurement. This 
result is marked C where the I.S.C. was taken at cut- 
off, R where it was taken at release; the former giving 
a result properly comparable with w'. 

20 m' = fraction of cylinder-condensation, computed from Fx[^ 

(105). 

The clearances of these engines are as follows: 

Nosl,2, 3 08 No. 27 117 

4-13 not given 28-29 04 

14-17 099 30-32 06 

18-21 071 33-35 10 

22-23 07 36 125 

24-26 076 

(/) K KFKRENCES.— The sources of the data set forth in Table 2 1 Ji 
will now be given. 

Nos. 1-3. These are selected from test<< made on three U. S. 
gunboats, in the early ISOO's, by boards of U. S. Naval Engineers, 
and published by Ishorwood in his "Experimental Researches in 
Steam l^^ngineering.'' N(^. 1 is one of seven tests made on the 
Mackinaw, No. 2 is selected from the fifteen tests on the Eutaw, 
and No. 3 is one of seven on the Michigan. These were all paddle- 
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wheel steamerS; and the tests were made with the vessels fast to 
the dock and simply pushing water backward. These examples rep- 
resent the early type of marine practice, with large and slow-moving 
simple engines, using low-pressure steam. 

Nos. 4-13 are a group of isolated tests of factory engines of the 
Corliss type, made by Mr. Geo. H. Barrus, reported to the American 
►Society of Mechanical Engineers in 1889, and printed in Vol. XI. 
of the Transactions, page 170: only two, Nos. 6 and 7, are from 
the same engine. The data are not so full for these tests as for 
most of those available, but they give valuable information. In 
subdivision, the first group is made up of condensing engines, the 
second of non-condensing. 

Nos. 14-17 are from the first locomotive installed for experi- 
mental purposes at I^irduc University, and were reported to the 
A.S.M.E. by Prof. W. F. M. Gos.s in 1893, Trans., Vol. XIV., 826. 
This was, of course, a duplex engine. The tests given are those 
in which there was the least drop of pressure from the boiler to 
the cylinder, but it will be noted that even in these the throttling 
effect is considerable. 

Nos. 18-21 represent a long series of tests made by Profs. 
J. E. Denton and D. 8. Jacobus on the steam end of an air-com- 
pressor, in Nov., 1888, ^vith especial view to the determination of 
cylinder-condensation. The engine had a double-slide valve-gear; 
and this, with the easily variable and controlled load, facilitated the 
covering of a wide range of conditions. Sec Trans. A.S.M.E., 
Vol. X., 722. 

' Nos. 22 and 23 are from a set of sixteen tests made by Major 
T. English oti a two-cylinder simple engine driving pumps. The 
full report, with a complete thermal analysis, is published in the 
Proceedings of the British Institution of Mechanical Engineers for 
1887, at page 478. 

Nos. 24-26 are sample tests from the triple-expansion Corliss 
engine in the laborator>' of Sibloy College, Cornell University, 
selected from an extensive report of results made by Prof. R. C. Car- 
penter in 1895, and published in Trans. A.S.M.E., Vol. XVI., 913. 
The tests here given are all from the high-pressure cylinder, and 
represent three conditions of running: No. 24 is for the high- 
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pressure cylinder as a simple engine; for 25, the high and inter- 
jnediate were riui as a two-stage compound; and for No. 26 the 
whole engine was tested. The M,Ei\ in Col. 10 is for the ILP. 
cylinder in all three cases. 

No. 27 is an isolated test of a Hoadly portable engine, made in 
1876, and deseribe*! in Peabody's Themiodyiiamitis of the Stcara, 
Engine, page 266. 

Nos, 28 and 29 are from a small Corliss engine at the Massa- 
chusetts Institute of Technology, also taken from Peabody's 
Thermodynamics, page 386, 

Nos. 3()-36 are selected tests of the WiUans central-valve 
engine, taken from the exhaustive report made by Mr. P. W* WiUans, 
published in the Proceedings of the British Institution of Ci\dl 
Engineers, 1888, Vol. XCIII., 128. This is a triple-expansion 
engine of peculiar design; and the examples given represent three 
different conditions of running. Nos. 30 to 32 are from the low- 
pressure cylinder run m a simple engine; for 33 to 35 the inter- 
mediate and low constituted a j>lain compound; while the last test 
is from the triple engine. Here the M.E.P. given in for the whole 
engine, *' reduced" to the low-pressure piston, by a n\ethod which. 
will be developed in § 23. 

(g) Discusi^iox OF Table 21 B, — In this Table^ the important 
controlling conditions are given in Cols. 5, 6 or 7, S and 9, and 
the most important results of the tests in Cols, II and 12; the 
question of prime iJiterest here being. How many pounds of steam 
were used per liorse-power-ht>ur7 This information will enable the 
reader to form some quantitative idea of the economic performance 
of engines of the classes here represented. It \\ill be notetl that 
tlie lowest value of S given is about 15, while the best that has been 
attained in an engine using saturated ste-am is about 11. But 
this triple-expansion engine (Xo, 26) is n( small size, and was not 
run under its conditions of highest efficiency, chiefly iri that the 
steam-jackets were out of use. Tlie object of this Table being espe- 
cially to ilhistrate the application of Formula (105), the choice of 
data was somewhat limited. 

A large amount of information . along these lines, including the 
full tables of results from which a few examples are here abstracted. 
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will be collated and discussed in Part II., where the matter of the 
actual performance of engines will be very fully gone into. 

The range of conditions covered in any particular group of 
tests given in this Table is too small for a critical examination of 
Eq. (105). But so far as the conditions which vary with the 
engine are concerned, there seems to be a quite fair agreement 
between m and m'. 

It must be understood this formula cannot be expected to 
give precise results. The elements involved are so numerous, 
and there are so many secondary, unaccountable influences, that 
the actual performance of engines is likely to show rather freakish 
small variations from any uniform law: and besides this, there is 
room for a good many small errors in engine tests, which in some 
cases are likely to accumulate in one direction. Further, individual 
peculiarities of the engine may have quite an influence. 

In the group of Corliss-engine tests, Nos. 4 to 13, the largest 
variation is in No. 5, where m' is .067 less than m, which difference 
is equivalent to 20 per cent, of the latter. If we had found *S' from 
the indicator card^ getting 12.4 as here, and then divided by ( 1 — m'), 
the estimated value of S would have been 12.4-^.737=16.8, as 
against 18.5 actual: and the fraction of error would be, (18.5-16.8) 
-^ 18.5 =.092. 

Groups 18-21, 24-26, 28-29, made up of tests carried out 
under laboratory conditions, show very close agreement. The 
engine in Nos. 30-36 is of such a peculiar form that it would be 
expected to give rather special results. 

The fraction of moisture in the steam coming to the engine 
was determined in only a part of these tests; where given, it ranged 
from 1 to 2 per cent., showing what is sometimes called "com- 
mercially " dry steam. 

(h) Effective Value of the Condensation Formula. — ^The 
range of data here set forth is too narrow to serve as a basis of 
judgment on this point: but, as the result of extensive applica- 
tions of the formula, the wTiter is of the opinion that, if the engine 
is working properly and the test is accurate, the estimated and the 
measured value of the steam-consumption ought not to differ by 
more than 10 per cent, of the latter. Some very extensive sets of 
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experiments keep well within this limit, notably those made under 
the best conditions as to method and skill; others show considerably 
\vider departures. But, in general, the approach to or the over- 
stepping of this limit is to be considered good cause for suspicion 
of the accuracy of the engine-test, or good reason to look for extra 
losses, as by leakage, in the engine. This degree of closeness 
seems to apply over a range of cut-off from .16 to .66 of the stroke. 
An approximation of this quaUty is accurate enough to be of great 
practical utility. 

The test-groups where, in a series, only one variable changes 
are comparatively few. Formula (105) was got, not so much by 
trying the effect of single variations, as.by substituting, in a roughly 
formed equation, the whole set of values from variant tests. Con- 
sequently, it cannot be assumed that the manner in which any 
variable is involved in the formula is an exact measure of its influ- 
ence in the engine, as there are chances for rather complex com- 
binations of effect. 



§ 22. Engine Economy. * 

(a) Conditions of Efficiency. — Efficient thermodynamic per- 
formance in an engine requires a wide range of temperature and 
pressure, with which goes a large ratio of expansion. But these 
conditions are all favorable to a high rate of cylinder-condensation. 
Take for ijistance an engine with cylinder 20" by 48", at 80 R.P.M., 
with an admission-pressure of 120 lbs. abs., exhaust-pressure of 
2 lbs. abs., and an expansion ratio of 10: then s = 2.9, i/N=^4.31, 
€=0.1 (approximately), p we take the same as the admission- 
pressure, r=353-179=174; and from (105), 



,^^ l2.c 
4.31 \12( 



, .«. ,J.9X174 ._ 

^==--Wi2o^r-^^- 



With such an amount of cylinder-condeasation, plus mechanica 
losses, the dispftsable work of Cycle B, Fig. 26, would be greath 
reduced. So then, with a \\ide range of working and high expan- 
sion there must be used devices for diminishing the thermal actior 
of the cylinder- walls. 
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the compound locomotive, necessarily non-condensing, uses steaa":: 
at from 200 to 225 lbs. 

(c) WouKixG OF THE CoMPOUxi) ENGINE. — In deciding upoiK. 
the cylinder-proportions of niultiple-cxi)ansion engines, severaL 
objects are to be kept in mind: it is desirable that nearly th<5- 
same amount of work be done in each cylinder, that the range of 
temperature be pretty equally divided, and that mechaiiicaL 
losses in the handling of the steam be reduced to a minimum. 
The whole subject is very complex, and nothing but the simplest 
general principles will be given at this point. 

As to the handling of the steam, we distinguish two typical 
cases: 

P'irst, if the two pistons begin and end their strokes at the 
same time, then the steam from the high-pressure can pass directly 
into the low-pressure cylinder, and we have what may well be 
called a direct-expansion compound. 

Second, when the two strokes are not timed together, as when 
there are two cranks at right-angles to each other, then direct 
exhaust is not feasible, and an intermediate chamber, called the 
receiver, becomes necessar}'. This type we will call the receiver- 
compound engine. 

Engines of the first class frequently have a receiver, but it is 
not essential, as it is in the second class. 

The volume of the receiver enters, with those of the cylinders, 
into the determination of the action of the steam in the engine. 
A discussion of this action will be found in Vol. II. 

Mechanical losses in getting the steam through the engine, 
from cylinder to cylinder, partly counterbalance the gain from 
reduced cylinder-condensation . 

In the matter of the mechanical action of the engine, the com- 
pound has the great advantage over the simple engine with the 
same total ratio of expansion, that the variation of driving-force 
throughout the stroke is very much smaller; so that the mechanism 
receives a much less severe and more evenly distributed force-action. 

It may be remarked tliat the cylinder of a simple engine, using 
steam under the same general conditions as the compound, would 
be of the same size as the low-i)ressure cylinder of the latter. 
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In the next section are given the methods of working up indi- 
cator diagrams from compound engines, so as to get from them 
results of the same kind as those worked out under Fig. 37. 

{(I) The Steam-jacket. — Another way of reducing hurtful 
condensation is to surround the cylinder with steam of the full 
boiler-pressure, so as to maintain a higher temperature in the 
metal. Usually there is shnply an annular space around the 
cylinder-bore, either formed in the casting, or made by inserting 
the cy Under-wall proper as a liner within the main casting. Fre- 
quently, however, the cylinder-heads are also steam-jacketed. 

The underlying idea of this device is, that since the condensa- 
tion of the entering steam is caused by its meeting cooler metal 
walls, this source of loss will be partly removed by making the 
walls warmer. Its effective value depends upon the question, 
answerable only by actual trial, whether the gain in work done by 
the steam in the cylinder is greater than the loss of steam by con- 
densation in the jacket: under some conditions the gain in economy 
is considerable, in other cases the two effects just about balance. 
Of course, the water forming in the jacket is to be continually 
drained off and returned to the boiler with the least possible loss 
of heat. 

Against the steam-jacket it may be urged that during about half 
the time of a revolution it is wasting heat upon the exhaust-steam,. 
and that even if it does impart some heat during the expansion, 
so as to raise the curve, only a relatively small fraction of this 
heat can be utilized thermodynamically. 

The principal argument in favor of the jacket is based on the 
fact that wet steam is a far better conductor of heat than is dry 
steam. Obviously, the heat-interchange within the cylinder 
depends not only upon the difference in temperature between 
steam and metal, but also, and in- verj' great degree, upon the 
freedom with which the steam can yield and receive heat. A dry 
gas is a very poor conductor, and can be heated rapidly only when 
there is free convection or circulation, so that a fresh portion is 
continually coming into contact with the heating surface. But a 
vapor, which can condense on a cooling surface, will yield u]> 
heat freely, a film of liquid forming on the confining wall, and 



124 THE ACTION OF THE STEAM IN THE ENGINE. [Chap. IV. 

readily absorbing and transmitting heat, so as to increase rapidly 
in amount; this surface-effect being of far greater magnitude than 
any action resulting from diffused condensation. 

If now the jacket, by drjdng the cylinder-walls and by diminish- 
ing the wetness caused by the first condensation of the entering 
steam, can hinder the traasfer of heat, it may effect a saving in 
working-steam ver}' considerably overbalancing what it uses itself. 

{e) Thermal Action of thk Cylinder-walls. — ^This whole 
subject of thermal interchange is far too complex for the quantita- 
tive use of the simple laws of heat. To calculate on the basis of so 
many pounds of metal, of known specific heat, being heated or 
cooled so many degrees in each cycle is impracticable, because 
there is no possible way of finding out either the weight of metal 
involved in the action or the average temperature-range. Only 
by test under working conditions can results be got, only by rea- 
soning closely based upon te.sts can results be predicted. But in 
regard to this subject, the following conclusions seem to be justified 
by general consideration's : 

Of the thick body of metal forming the cylinder, only the inner 
portion suffers much change in temperature during the steam- 
cycle: the surface is heated and cooled (iuit<? a good deal, perhaps 
approximating to the temperature of the entering and of the exhaust 
steam ; but the range of change diminishes rapidly from the surface 
inward, and at no very great depth the metal will have a nearly 
constant temperature. In a cylinder not protected from the out- 
side air, or with free radiation, this constant mean temperature will 
drop toward the outer surface of the metal: if the cy Under Is well 
covered, the drop will be much less rapid, but there will still be 
an outward flow of heat. With a steam-jacket, the temperature 
will rise going outward, and the heat-flow will be inward. 

The jacket cannot change the character of the temperature 
variation on the inner surface of the cylinder; the best that 
it can do is to diminish the amount of this variation and to 
raise the level of the mean about wliich the actual temperature 
oscillates. 

A jacket on the barrel of the cylinder can have comparatively 
little effect, for it does not reach the surface with which the steam 
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first comes into contact, and only after the piston has travelled some 
distance is any considerable area of jacket-heated surface exposed. 
Back of the clearance-surface, as on the cylinder-head, the jacket 
will be more active, both in imparting heat usefully and in wasting 
heat on the exhaust-steam. 

Size of cylinder and time of cycle both exert a great influence. 
It has already been pointed out that cylinder-condensation is very 
much a matter of surface action, water being formed on the sur- 
faces of the body of steam, but not throughout its bulk — as dis- 
tinguished from condensation due to work done, which would be 
evenly distributed. Then the larger the body of steam, the less 
will be the effect of the metal walls. 

In large engines at high speed, the jacket becomes of little 
effect, and can very wtU be omitted in favor of other and more 
active ways of getting heat into the steam. 

(/) The Re-heating Receiver. — ^This device is now generally 
used in large compound engines, sometimes with jackets, fre- 
quently alone. The receiver between the cylinders is enlarged to 
surround a body of coils or tubes filled with boiler-steam. The 
working-steam, being broken up into small currents and brought 
into intimate contact with this heating-surface, receives heat 
much more effectively than through the rather clumsy device of the 
jacket. 

The high-pressure cylinder gets nearly dry steam from the 
steam-pipe: the steam gohig from the high to the low cylinder is 
sure to contain a fraction of moisture due to the work done in the 
high cylinder, together with loss by radiation; and the re-heater 
is intended to evaporate this moisture, so that the low-pressure 
cylinder will also receive practically drj^ steam. The saving in 
condensation in the low cylinder more than compensates for the 
fact that this heat enters the cycle below the upper limit of tem- 
perature. 

(g) Superheating the steam as it leaves the boiler is a verj^ 
effective way of increasing the thermodynamic efficiency of the 
engine. The superheating may var^' in amount from a few degrees' 
rise at the boiler, enough to insure dr>' steam at the engine or to 
decrease slightly the freedom of heat-interchange in the cylinder, 
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to a rise sufficient to modify quite materially the expansion-pro- 
cess, perhaps wholly eliminatinp; cylinder-condensation. 

A discussion of the use of superheated steam nmst follow two 
lines — the first a consideration of thermodynamic possibilities, 
the second a description of the practical difficulties met with in 
the working of the engine, on account of the nmch higher tem- 
perature of the steam. 

As to the magnitude of the thermal action involved in super- 
heating, it is small in comparison with the effect of a large amount 
of cylinder-condensation. The range of boiler-pressures in actual 
use is from 100 to 225 lbs. abs., with a corresponding saturation- 
temperature of from 330° to 300° ¥. ; wliile the highest point to 
which the steam may be raised, with due regard to the safety of 
both engine and boiler, is about 600° F. We see then that the 
heat which can be added is from 100 to 130 B.T.U. per lb. of 
steam: and with a total latent heat in the neighborhood of 860 
B.T.r., an equivalent amount of heat would be given to the cylinder- 
walls during admission with an initial condensation of from 11 to 15 
per cent. — which are ver}^ moderate values. 

If now superheating is to be thought of as merely a device for 
increasing the heat-content of the pound of steam, so that it can 
yield up heat without the formation of moisture, it would appear 
that the remedy is not sufficient. But when we consider the fact 
that the facility of heat-interchange may, incidentally, be greatly 
reduced, with a corresponding diminution in its amount, then we 
appreciate better the possibilities of the case. The effect of super- 
heating is, in this respect, closely similar to that of the steam- 
jacket, as described in (a): and with a reasonable use of com- 
pounding, so as to decrease lx)th the range of temperature and the 
ratio of expansion in the first cylinder, together with the re-heat- 
ing receiver, a work-performance i)er pound of steam approximating 
what is given lus the limit for saturated steam in Tables 16 A and 
16 1^ may reasonably be expected. Of course, this does not imply 
a proportional gain in thermal efficiency, for the total heat of for- 
mation increases also, though at a less rapid rate. 

(h) The Difficulties ix Operation are encountered, m the 
engine, chiefly in connection with the matter of internal lubrication. 
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In the early attempts to utilize the advantages of superheating, 
in the 1860's, when steam-pressures were low, say from 20 to 50 
lbs. by gage, and tallow w^as the common cylinder-lubricant, even a 
moderate superheat caused trouble by drying up and decomposing 
this animal oil. Compounding then began to come into general use, 
with an accompanying steady rise in boiler-pressure: and as these 
changes both decreased the desirability and increased the practical 
difficulty of using superheat, the latter line of progress was largely 
abandoned. 

Later, in the 1890's, under the pressure of the high cost of fuel 
on the Continent of Europe, this matter was again taken up, and 
the use of high superheat w^orked out to a successful application, 
especially in Germany; the solution of the problem requiring both a 
high-grade mineral oil and certain changes in construction — such 
as the substitution of lift-valves for sUde-valves, and some simplifi- 
cation of the form of the cyUnder, so as to get rid of the unequal 
expansion that a wide range of temperature would cause in a 
complicated casting. 

As to the apparatus added to the boiler, this "superheater" 
cannot be placed beyond the boiler, because the desired steam- 
temperature is above that at w^hich the products of combustion 
should pass to the chimney. It is therefore placed within the 
hot'-gas circulation of the boiler, the products of combustion being 
partially cooled by water-heating surface before they strike the 
steam-heating surface; but a second portion of water-heating 
surface is disposed beyond the superheater. The limit of allowable 
temperatiu-e is imposed by the need of a fair margin against 
burning out the tubes, and also by the fact that the metal is weak- 
ened by prolonged exposure to high temperature. 

§ 23. Diagrams from Compound Engines. 

(a) Description of the Engine. — ^A set of actual diagrams 
from a compound engine will now be completely worked up, the 
particular methods necessary being developed and applied as we 
proceed. 

The dimensions and arrangement of the cylinders of the engine 
from which were taken the diagrams given in Fig. 40 are shown 
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by an outline sketch in Fig. 39. This engine is of the tandem- 
compound, direct-expansion type, the sequence of the cylinder- 
ends being indicated by arrows: actually, of course, the steam 
passes from the exhaust-port of the HP cylinder, through a pipe, 
to the steam-chest of the LP cylinder; this whole intermediate 
space constituting a receiver of moderate capacity. In the nota- 
tion used to designate the diagrams, the first letter shows the cylin- 



Strokc - 16" 




Fig. 39. — Cylinder-arrangement of Engine. 



der, high or low, the second letter the end, head or crank; so that 
H.H. means "high head," and so on. 

A complete description of this engine, besides more or less 
detail of construction, would set forth the manner of working of 
the valve-gear and of the governor: but for present purposes, 
where we are concerned merely with the working up of a set of 
diagrams, the data on Fig. 39 are sufficient. 

(6) The Indicator Diagrams, as taken, but with lines of 
boiler-pressure, of condenser-pressure, and of perfect vacuum 
added, and with the valve-action events marked, are reproduced 
in Fig. 40. The general data are: 

Steam-pressure, taken from steam-pipe near engine, =96 lbs. 
by gage or 111 lbs. absolute. 

Vacuum in condenser = 22.2 ins. of mercury, below the pres- 
sure of the atmosphere, equivalent to about 3.9 lbs. absolute. 

Speed of engine = 250 R.P.M. 

Scale of springs, indicated on Fig. 40, 60 lbs. per inch on the HP 
diagrams and 20 on the LP. 

Clearances, estimated from various diagrams, as follows, for the 
several cylinder-ends: 



H.H. 
H.C.. 



.16 
.12 



L.H. 
L.C. 



.08 
.06 
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On these tlata the following remarks seem called for: 
When the i-eadiiig of a pressure-gage that ha^ not been closely 
irated is to be changed to absolute pressure, it is quite close 
faiough t^» use* the round 15 lbs* for one atmosphere, instead of the 
niore exact 14.7 lbs, 

The vacuum-gage reads from the atmospheric pressure down- 
ward: the standard atmosphere is 29.9 ins. of mercury or 14 J lbs. 
per sq. in.: so that 1 in. of mereuiy^ equals very nearly 0.5 lb* To 
:et the absolute pressure hi the condenser, subtract the gage- 
ing from 30 and divide by 2, getting here 7.8 -r 2 = 3.9 lbs, 
is a poor vacuum, as a good condenser should give from 26 to 
ins. 

The characteristic of diagrams taken at high speed — ^a wave- 
le effect due to the inertia of the mo%ing-parts of the indicator — 
is quit^ marked on these LP diagrams, showing up even more 
clearly in Figs. 41 and 42, where hj^ierbolas are drawn on the 
curves: the true line of i)res.sure*variation would trace a meaii 
urae through these waves. 
It wiU be noted that there is quite an inequality of cut-ofif in 
the two ends of the L? cylinder. 




H.H 






Fio. 40.— liidieator Diagrams fmm a Compound Engine. 



(f) Calculation of LH.P* and I,S-C. — ^The first operation is 
Nimilar to that for a simple engine, the data and results being set 
forth in the foUow^ng table, which needs no explanation: 
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Table 23 A. Indicated Horse-power. 



Cylinder 
End. 


Pi.«»ton 
Area. 


AS 
396.000- 


M.E.P. 




I.H.P. 




Ends. 


Cylinders. 


Total. 


h" 
^ c 


132.7 
130.3 


.005360 
.005266 


26.7 
30.15 


35.8 
39.7 


75.5 


157.0 


^^C 


311.8 
309.3 


.01260 
.01249 


14.22 
11.75 


44.8 
36.7 


81.5 



In calculating I.S.C. iy the method of Eq. (99) or (101), the 
procedure is the same as with a simple engine. A single diagram is 
used, HP or LP as desired, in getting /C, which is then the I.S.C. 
per cubic foot displaced by the piston in the cylinder-end from 
which the diagram was taken: and the total I.S.C. per revolution, 
per minute, or per hour is found as in (101). To find I.S.C. per 
H.P.H., we would take the sum of two HP determinations or of 
two LP determinations (from the two ends in either case), and 
divide by the total calculated I.H.P. The first part of the opera- 
tion is given in the next table, the necessary' dimensions to the 
E-points and C-points being marked on the diagrams in Figs. 41 
and 42. 

Table 23 B. Calculation of K, 



Cylinder 
End. 


e 


dE 


c 


dc 


edE - cdc = K 


^ C 


.438 
.433 


.2064 


.316 
.258 


.1189 


.09050-. 03753 «. 05297 
.09430- .03062= .06368 


^ C 


.977 
.714 


.0377 


.244 
.160 


.0262 


.036S5«>. 00638 =.03047 
.02693-. 00419 =.02274 



And applying Formula (101), we get. 

Table 23 C. I.S.C. per Hour and per H.P.H. 





Cylinder 
Volume. 


60.vr 


A' 


w 


w 


End. 


Ends. 


Totals. 


'h 


h" 

" C 


1.229 
1.207 


18,435 
18,105 


.0530 
.0637 


977 
1154 


2131 


13.57 


T 11 
^C 


2.887 
2.860 


43,305 
42,900 


.03047 
.02274 


1320 
976 


2296 


14.61 
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But suppose that we wish to get TF^ directly from the diagram 
by the method of Eq. (104): then we must take into account the 
fact that the steam which is metered in one cylinder does work in 
two (or more) cylinders: in other words, to get easily the ratio of 
indicated steam to horse-power, we must express both in terms 
of the same cylinder-dimensions. Let K be found, for instance, 
from an HP diagram: in this HP cylinder-end, the M.E.P. p^ 
acts upon the piston-area A^; and then the same steam does work 
in an LP cylinder-end represented by M.E.P. P2 on area ilj. Now 
this latter amount of work would be done upon the HP piston by a 
"reduced" M.E.P. of the value 

Pr=P2^;=^?>2 (Ill) 

acting on the area A^, In this formula, R stands, in general, for 
the ratio of the area upon which the pressure is actual to that to 
which it is to be reduced. Finally, a total M.E.P. Pm=Pi+PR» 
introduced into Eq. (96), will represent the total I.H.P. developed 
by the steam in terms of the dimensions of the HP cylinder; which 
dimensions will then cancel out in the division leading to Eq. (104). 
The application of this second method is shown by the following 
table: 

Table 23 D. I.S.C. per H.P.H. Directly Calculated. 



Cylin- 
der 
End. 



Volume Ratio. 



Total M.E P. 

+ Pr = Pm 



1.3750 
Pm 



K 



LS.C 



Ends. 



Means. 



H 



H 



H.H. 
L.C. 
H.C. 



L.H. 



= .429 



= .418 



26.70+(27.36)=54.06 
30. 15+ (34.00) =64. 15 



254.1 
214.1 



.0530 
.0637 



13.48 
13.64 



13.56 



H 
C 



L.H. 



H.C. 
L.C. 



= 2.39 



H.H. 



=2.33 



14.22+ (12.60) =26.82 
11.75+(11.47)=23.22 



512.4 
591.8 



.03047 
.02274 



15.61 
13.45 



14.53 



Here the actual M.E.P.'s arc first entered under p; then each 
is multiplied by the volume-ratio * beside it, and the result entered 

* Volume-ratio, usually identical with the area-ratio 72 in (111), is strictly 
of more general application, for compound engines have been built in which 
the stroke was different in the two cylinders. 
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under p^ in tlie line belonging to the cylinder-end in which is 
tamed out the other part of the cycle. Thus for H.H., 26.70X 
,429=11.47, and this is entered opposite L,C,; and so on. The 
rest of the calculation is obvious. The difference between the two 
mean LS,C/s for the LP cyhnder, one found here, the other in 
Table 23 C, is due to the fact that the mean of the ratios of partial 
quantities is not the ^anie as the ratio of the Bums: the method 
of Table 23 C is inherently the more correct. 

With a three- or four-stage compound, there would be two or 
three reduced M.E.P/s to be added to the actual M.E.P* in the 
cylinder-end for which the LS.C. was being found, 

(d) Chahacter op the Expansion,— The most interesting 
information given by tlie residt of this calculation — aside from 
its being a basis for an estimate of actual steam-consumption, 
acoording to the method of Eq. (105) — m m regard to the qu^- 
tion as to whether the I.S.C. Ls greater at the be^iiming or at the 
end of the whole operation of expansion; the points Ei and E^ 
being located mih this question in view* To know, first, what 
fraction of the entering steam Avill l>e condensed by the HP cylin- 
der, second, whether and by how much the fracti<in nf moisture 
is likely to increase or diminish as the expansion pmgresses, and 
hnw the various economj^-expedients such as the steam-jacket 
and the reheating receiver mil affect these actions, is to have a 
sound basis for proportioning the cylinders and predicting the 
performance of a compound engine. In Part IL the methods 
employed in getting the formula for cyluider-condensation will 
be further apjilied along the lines just indicate^h At present, 
however, we are far more concerned with ways of getting results than 
with the results themselves. 

For the investigation of the character of the total expansion^ - 
a most effective implement is the combinefi diagram, in which the 
separate indicator cards are brought to the same scales and to 
common reference-lines, so as to form the parts of a complete 
diagram of steam-performance. Two methods of combination 
will now be illustrated, the first fully defiiie<J by the statement in the 
last sentence, the second embodjing the principle used in deriving 
Fig. 32, 
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(«) Diagrams Brought to a Common CLEARANCE-LrNE.— In 
ig. 41 T., the indicator diagrajus are prepared by dividing the 
ni^th of each intt> ten equal parts and erecting ordinates at the 
<livision-pomts. Then in IL the volumegj first of the elearances, 
next of the eyhnders, are laid out from ( )P to a convenient scale, and 
iiinilar vertical division-lines drawn. In this case, the pressure- 
^ale is the s£uiie as that of the LP dia^am, so that ordinates from 
ho latter can be transferred directly; while tho^^ from the HP rlia- 
rara oiust be multiplied by three— or measured off three times. 
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Fig. 1L— DiagraiiLH ( :irtii1iiTied on ClearaDce-Iines* 



^■Jsin^ also intcrmecliatc ordinate^ where the changes in pressure 
^■ftre rapid, as at the ends of the diagrams, we get a series of points 
through which the new curves can be traced, giving the result shown 
t)y the full-line figures. 

On the original diagrams, hvT>erbolas are draw^i through both 

the E-iK>irits and the C-points: on the combined diagram, three of 

tiese are reproduced, all except that tlirough E^: instead of the 

it4*r wc continue the curve through E^, not by simply producing 
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this hyperbola, but so as to get a correct measure of the continuity 
of the expaiLsion. A horizontal line AD is (Irawn between the 
diagrams, the two HP hyperbolas cutting it at A and B, while that 
through C2 meets it at D : then the length DF is made equal to BA, 
and the expansion-hyperbola continued from F. Obviously, this 
is nearly as effective as the method of Fig. 32; for while it does not 
get rid of the clearance-steam, it does eliminate the difference be- 
tween the two quantities of this steam in the successive cylin- 
ders. 

Diagrams on the rectified compression-hyperbolas, like Fig. 32, 
are dotted in, without any of the construction used in getting 
them being shown : this would consist simply of a lot of horizontal 
lines, along which the volumes, measured from the reference- 
curves CiB, DCj, would be laid off from OP. The effect of indica- 
tor-inertia upon the LP cards is shown by the peculiar heel on 
the derived diagram; which is due to the fact that the indicator- 
piston lagged behind the steam-pressure at first, then swung ahead 
of it, and kept oscillating about the true pressure until its energy 
was absorbed in friction- work. The hyperbola drawn through Q 
should, as here, follow the mean of these waves, so that the areas 
between the two cur\'es, on opposite sides of the hyperbola as a 
reference-line, shall be just about equal. 

(/) Direct Combination on the Compression Hyperbolas. — 
This is illustrated in Fig. 42, where a graphical construction is 
used for transforming the volumes to their new scales. The pre- 
liminary preparation consists in drawing a lot of similarly-spaced 
horizontal lines on the indicator diagrams and on the plane of the 
combined figure, in II. In order to transform HP volumes, we 
construct III. by laying off the actual length of the HP diagram 
at AB, making BC equal the volume of the HP cyUnder, to the 
scale of the combined diagram (corresponding with MjNi in Fig. 41 
II.), and drawing the diiigonal AC. Then if we take any abscissa 
as AD in I. and lay it off from A in III., the intercept DE will give 
the proper volume to be laid off as DE in II. Similarly, FA is the 
length of the LP diagram, AG is the corresponding volume to the 
scale of II., and F is the origin: FH is measured from F and HK 
is ready to be used in II. It is more convenient to use these pro- 
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portion-diagrams in III. than to work through the first method 
of combination as in Fig. 41. 

In Fig. 42 II., a hyperbola is drawn through Ei, and cuts under 
the LP expansion-curve: but the corresponding hyperbola in 
Fig. 41 II., from F, is well above its LP curve. It appears, there- 
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Pio. 42. — ^Diagrams Combined on Compression Curves. 

fore, that the steam is not divided between the two ends of the 
LP cylinder in the same ratio as between the two ends of the HP 
cylinder. The only way, then, to get a fair criterion of the total 
expansion is to draw a mean of the two combined diagrams, as is 
done in Fig. 43. 

(g) In Fig. 43, the separate diagrams, in dotted line, are traced 
from Figs. 41 and 42, with the minor irregularities on the com- 
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pression side left out; and the average diagrams are partly drawTi, 
ill full line. Through the E-point are passed two ounces, No. 1 the 
curve of constant steam-weight, jn^^-^^^Cy No. 2 the usual equilat- 
eral hyperbola, pv=C, The increasing value of the steam-frac- 
CD .8 




Fig. 43. — The Average Combined Diagram. 



tion X is shown by the rise of the LP expansion-curve above the 
curve of constant weight. 

According to Formula (105), the fraction of cylinder-condensa- 
tion should be about 0.15: if this is correct, the actual steam- 
consumption is about 13.6-^.85=16 lbs. per H.P.H.; which is 
rather too good to be true, with the poor vacuum here evident. 
Using this result, however, for illustrative purposes, we carry 
curve 1 up to the steam-pressure line at C, then make DP : CP= 
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1.00 : .85, and from D draw an adiabatic for steam initially dry 
at D — ^using Table II. for this cun'e, as also for curve 1. This gives 
a comparison of the actual diagram with the form of Cjxle B, 
Fig. 26. 

The result of all this drawing is a rather confusing mess of lines, 
especially along the LP. expansion-curve; this crowding of the lines 
being an inherent defect, and a decided disadvantage, of the pv dia- 
gram, when a wide range of expansion is to be represented. A 
scheme for showing more clearly the character of the expansion, 
especially as to the important question of re-evaporation or increas- 
ing condensation, is set forth at the right side of Fig. 43. Here 
the abscissa is x, the steam-fraction, to the scale marked at the 
top. The line of unity, AB, is the standard of comparison, while 
line 1 is the curve of constant steam-weight for x=.85. The 
increasing condensation in adiabatic expansion is sho\^Ti by the 
slant of line 3 to the left; and the re-evaporation necessary to an 
expansion along the hyperbola is similarly shown by the departure 
of ciu^'e 2 from line 1. These curves are not here drawn with any 
great precision. Finally, those parts of the actual expansion- 
curves that lie to the left of curve 1 are sketched in on this system, 
making very evident the proportion of re-evaporation. 

The entropy-temperature diagram, described and explained in 
Chapter \^., gives the same information as these derived curves, 
and in a much more direct and convenient shape. 



CHAPTER V. 
THE DYNAMICS OF STEAM. 

§ 24. The Steam-jet. 

(a) Conditions op Flow. — With a current of steam or gas^ 
as with any other moving body, velocity can be produced only 

t by the action of force and the expenditure 

of energy: the force accelerates the mass, 
the energy is stored in the current in kinetic 
form. The conditions of perfect flow, under 
^^ ^1 ^ which all the work done in or upon the 
steam on account of the drop in pressure 
is changed into kinetic energy of the for- 
ward-moving jet, are illustrated in Fig. 44. 
The apparatus consists of the vessel A, 

F the nozzle B, and the tube D; B has the 

^^'jet'-T^ation^ ^' ^^^^^ ^^ ^"^^^ ^» ^^^^ expands or flares 
to D. In A the pressure is p^, in D it is pj; 
and in entering and passing through the nozzle, the steam loses 
pressure and gains velocity. It is assumed that no work is lost 
in overcoming friction, or through any secondary action in the 
jet. 

(6) Work Expended in Acceleration. — Imagine a section- 
plane across the vessel at EF: steam passing this plane may be 
thought of as continually pushed forward by the steam behind 
it; and the work which it receives — and in steady flow would 
transmit simply and directly to the steam ahead of it, without 
change — is, per pound, 

C7, = 144p,Vj = 144pi(x,u,-fti;i) (112). 

138 • 
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After the steam attains its full velocity in the tube D, and in 
passing any cross-plane, as GH, it must continually push ahead 
of it steam subjected to the lower pressure pj? doing the work 

[72 = 144^2^2 = 144^2(2:2^2 + ^2) (113) 

As the pressure drops along the nozzle, the steam expands; 
and if we imagine two cross-planes close together and enclosing a 
small body of steam between them, then the static pressure in 
the substance will be less at the right plane than at the left one. 
This small difference of pressure produces a corresponding accel- 
eration, and the pressure-work of the expansion is thus gradually 
changed into kinetic energy of the jet. 

The expansion, unless very special conditions are imposed, 
is essentially adiabatic : for after any particular action has become 
established, and each portion of the inner surface of the nozzle 
has assumed the temperature of the part of the jet which touches 
it, then only as heat is conducted along the nozzle or radiated 
from it will there be any chance for a transfer of heat between jet 
and guiding-surface. 

The adiabatic expansion-work is — see Eq. (74), § 13 (A;) — 

U^=77S(q,-\-x,l,--q,^xJt^ (114) 

And the net work expended in accelerating the current, per pound 
of steam, is 

U^U.+ Ue-U^ (115) 

This is the same as the effective work of Cycle B, Fig. 26 and 
§ 16 (6), corresponding to U' in Tables 16 A and 16 B; and if we 
reduce it to heat-units, using the symbol E for the energy AU 
given to the jet, we have 

E=A Pi(XiUi -\-Wi)-A P2(^2^ + ^2) + 5i + ^ih - ?2 - ^2^ 
=qt + x^ri-q^-'Z2r2 + A{PiW^-p2W^) (116) 

This equation embodies the simpler method of calculating the 
net work of Cycle B, referred to under § 16 (b); except that in 
that case the last term, A{PiWi — P2W2), which represents the 
water-volume effect, was omitted. 
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^/r Th/- Ai^iA-'-An: T.*J:1z.— To fa«Iinace the applicatioa of 
&; Il^i i.oi ::>=: ■Jrr^rT^ '^azjjc. 'jI 'hit ^tigsTzj Ezzipartcd to the 
i^r *-o>r ir.;. '^rjL:y>r-? Tr.itLJi *.i>r raiap* ^x pncciee. the numerical 
^\^ri"..:.^ r-'rc ^ Tiryu«r \'. iuive :>=«: TForked omt. Each column 
L-? i^/f '.r^r ^^•.lil r.r*;???r-ir«r a: ^.h-e too; arwi each croup of values is 
for ifi ex:Ans:ori from •.LL- p. '.o ib^ p. maHbed as the sade. TTiat 
hi, I'u^. iOVfzT liLf: of ^.hf: cy!!^. I/C in Flz- 45. k taken successivelY 
af. ofi^ prea?ire aft^r ano'h^r. the 'op line remaining at AB. This 
ta^Ur cari \jf£i b^ explain^ hy allowing how one set of values was 
comp'irf:^! : 

Tak^: th^r casfr of an initial pressure of 150 lbs. per sq. in. abso- 
hiU: and a t^rrrfiirial pr^sjiiire of 15 Ibe. abe.: the diagram for the 
ofj^rariori L* jnven in Fi2. 45: and the steam is supposed to be dry 
and -a^jratM at B, so that z^=l. 




Vic. 15. — Aciialiatic iJiagram. 



I'rorn IIk^ Stcam-tabk', 
;;, \r>() ^,-380.56 

/zj- .r)14(yO fj -860.62 

^,» 1.56656 



p, = 15 
flj = .31479 
6j« 1.4339 



gj = 181.94 
r, =964.97 
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Now Ji + n =1191.18, 

ft+aya = 181.94+842.38 = 1024.32. 

The difference between these is 166.86 H.U.: it is the main 
part of Ej identical with AU' in Table 16 A, where the value for the 
same conditions, by independent and less precise computation, 
was found to be 16710. 

This result does not include the last term of Eq. (116) : accord- 
ing to Table III., w^^.OlS, W2 = ,01Q7; it is fair enough to use a 
rough mean, giving the upper value a little more influence, say 
.0175; then 

144 

^(/>i-/>2)^m=0.185Xl35X.0175 = .44 H.U. 

Adding this to the 166.86 found above, we get 

£7 = 167.30 H.U. 

The second quantity E^ given in Table V. is the effective work 
of the Carnot cycle, the same as At/ in Tables 16 A and 16 B: it 
is computed by Eq. (78). For the case above, t^ =358.16, t^ =213.03, 
Ti =818.16, /i- /a =145.13, r^ =860.62; then 

E, =^|U|860.62 =152.66 H.U. 

Finally, E^, equal to E—E^ is the effective work of adiabatic 
expansion of water originally at p^ and ^i, represented by the 
area AED in Fig. 45. On general principles, it could be more 
precisely calculated by making Xi=0 in Eq. (116), especially for 
small ranges of pressure, because E and E^ are then large quanti- 
ties with a relatively small difference between them; but usually 
the method of subtraction indicated above will be found more 
convenient and sufficiently exact. 

Below the E^s are entered in Table V. the limiting values of 
the final steam-fraction, Xj for Xi = l, Xjo for Xi=Oi also the corre- 
sponding specific volumes at pj- 
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(d) Steam op any Initial Quality. — The reason for tabulat- 
ing all the quantities below E appears when we consider the gen- 
eral adiabatic equation of relation, (70), 

^=«.r_«r+^A, („7) 

and note that just as x^ varies between the limits and 1, so a; 
varies between 0:20 and Xj, and v varies between V20 and V2. That 
is, in Fig 45, the variable intercept E'C, between the two adiabatic 
curves AE and BC, is divided in constant ratio by the intermediate 
adiabatic FG. 

Suppose that, for pi = 150 and p2 = 15j Xi = .60: then the total 
energy, represented by AFGI) in Fig. 45, we get either by adding 
60 per cent, of E^ to Eq, or by subtracting 40 per cent, of E^ from 
E; giving either 

£" = . 6 X 152.66 -M4.64 
=91.60+14.64 = 106.24 
or 

£" = 167.30 -.4X152.66 
= 167.30-61.06 = 106.24. 

This table reduces operations with the adiabatics of saturated 
steam to simple slide-rule arithmetic; while the drawing of adia- 
batic curves for superheated steam is provided for by Table II. 

In getting the two r-limits, V2 is taken to be the same as XjSjJ 
for where 83 is small, Xj is near unity, and where Xj departs from 
1.00, Sj is large and iV2 relatively insignificant: but for Vjo the exact 
expression 

is used. 

(e) Jet-coxditioxs Determixed. — The general results set forth 
in Table V. are applied in Table 24 A and Fig. 46 to the particular 
case of the flow of a steam-jet under adiabatic conditions. The 
arrafigemcnt of this table is similar to that of Table \'., and the 
first quantitv E is taken directly from Table W Then the next, 
F, is the velocity in feet per second of the jet at p2, if all the energy 
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E is used up in accelerating the pound of steam and changed into 
kinetic energy of the latter; the relation is 

1 V^ 
-X^=778E, 

or 

V =^778 X 64.32 X E =\/50040£. . . . (118) 

Next are given, first, the volume ?'2 of the pound of steam at p2, 
likewise taken directly from Table V. ; and second, the correspond- 
ing area of cross-section of a jet discharging 1 lb. per sec., expressed 
in square inches, and got by the operation 

a = 144^ (119) 

Finally, the diameter in inches of a round jet of this capacity 
is also computed and given as d. 

In Fig. 46 the values of a from Table 24 A are plotted on a 
pressure base: each curve is for steam which starts in the dry 
saturated state at the pi marked upon it, and gives the cross-sec- 
tion, at each successive pj according to the scale below the dia- 
gram, of a perfect jet discharging one pound of steam per second. 
The group of curv'^es below and to the right of the curve KBL 
was first drawn, to represent the whole table to the scale marked 
at the right: above KBL, parts of these curves are again laid 
out, to the larger scale at the left. 

(/) The Form of the Steam-jet. — The curve for pi = 150 lbs. 
is most fully given in Fig. 46, running from p2 = 148 to p2=2 lbs.: 
all the other ciu^es begin at p2=0.9pi. We note that the jet 
consists of three parts; first the rapidly contracting entrance, 
shown by the curve through A and B toward C; then the choke 
or neck, smallest at C; last, the flare or spread CDE. At first 
the velocity increases faster than the specific volume, so that 
the area of the section diminishes ; over quite a range of pressiu-e- 
drop the two increase together at nearly equal rates; and then, 
as the value of V becomes very large, so that increase in V is small 
relative to increase of V^, the volume grows much faster than 
the velocity, and the cross-section increases rapidly. The limiting 
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Pi 


- 


250 


220 






Pi 


- 


250 


p. 


E 


21.06 


10.22 


Pa 


E 


10.90 




V 


1027 


715 








V 


739 


195 


V, 


2.306 


2.326 






220 


*3 


2.075 




a 


.324 


.468 


195 






a 


.405 




d 
E 


.642 
32.34 


.772 
21.63 






d 


.718 




11.50 










V 


1272 


1041 


759 










170 


Vj 


2.600 


2.622 


2.644 












a 
d 

E 


.294 
.612 

42.55 


.363 
.680 

31.93 


.502 
.800 

21.86 


170 


150 


135 


120 




10.45 










V 


1459 


1264 


1046 


723 








150 


V, 


2.899 


2.924 


2.948 


2.975 










a 


.286 


.333 


.406 


.593 










d 


.604 


.651 


.719 


.869 










E 


50.96 


40.42 


30.43 


19.13 


8.75 








V 


1597 


1422 


1234 


978 


662 






135 


^a 


1 3.179 


3.206 


3.232 


3.262 


3.289 




, 




a 


.287 


.325 


.377 


.480 


.716 








d 


.604 


.643 


.693 


.782 


.954 








E 


60.29 


49.85 


39.94 


28.72 


18.40 


9.70 






V 


1737 


1579 


1414 


1199 


960 


697 




120 


Vj 


3.524 


3.553 


3.582 


3.614 


3.645 


3.671 






a 


.292 


.324 


.365. 


.434 


.547 


.758 






d 


.610 


.642 


.682 


.743 


.834 


.983 






E 


70.65 


60.27 


50.40 


39.29 


29.09 


20.50 


10.89 




V 


1880 


1737 


1588 


1402 


1207 


1013 


738 


105 


Va 


3.961 


3.994 


4.025 


4.062 


4.095 


4.124 


4.156 




a 


.303 


.331 


.365 


.417 


.489 


.587 


.811 




d 


.622 


.649 


.682 


.729 


.789 


.864 


1.016 




E 


82.39 


72.10 


62.37 


51.34 


41.20 


32.69 


23.21 




V 


2030 


1899 


1767 


1603 


1436 


1279 


1078 


90 


V, 


4.533 


4.570 


4.606 


4.646 


4.685 


4.717 


4.754 




a 


.322 


.346 


.375 


.417 


.470 


.531 


.634 




d 


.640 


.664 


.692 


.729 


.773 


.822 


.900 




E 


96.04 


85.78 


76.25 


65.34 


55.28 


46.89 


37.48 




V 


2192 


2072 


1953 


1808 


1663 


1532 


1370 


75 


^'a 


5.321 


5.364 


5.405 


5.452 


5.496 


5.534 


5.577 




a 


.350 


.373 


.398 


.434 


.476 


.520 


.586 




d 


.667 


.689 


.712 


.744 


.778 


.814 


.864 




105 


90 


12 44 




7S9 




4.796 




.876 




1.056 




26. S5 


U„57 


1159 


S54 


5:625 


S.fiSl 


' ,699 


.958 ' 


1 .943 


1.105 
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105 


90 


75 


60 1 45 


30 


20 




Vx 


44.00 


31.88 


17.61 










E 


Pa 


1484 


1263 


939 










V 


* 3 


6.836 


6.905 


6.986 










1 r. 


60 


.663 


.787 


1.072 










a 




.919 


1.001 


1.168 










d 




65.53 


53.62 


39.50 


22.32 








E 




1811 


1638 


1406 


1057 








V 




8.799 


8.885 


8.988 


9.115 








^'a 


45 


.699 


.781 


.921 


1.242 








3 

a 




.943 


.997 


1.083 


1.257 








d 




94.62 


82.97 


69.20 


52.43 


30.64 






E 




2176 


2038 


1861 


1620 


1238 






V 




12.57 


12.69 


12.84 


13.01 


13.25 






^'« 


30 


.832 


.897 


.993 


1.157 


1.5^10 






3 
1 <» 




1.029 


1.069 


1.125 


1.214 


1.389 






d 




122 31 


110.94 


97.46 


81.08 


59.83 


29.92 




E 




2474 


2356 


2208 


2014 


1731 


1223 




V 




17.99 


18.16 


18.36 


18.61 


18.93 


19.40 




^'« 


20 


1.047 


1.110 


1.197 


1.330 


1.575 


2.284 




3 

a 




1.155 


1.189 


1.235 


1.301 


1.416 


1.705 




1 " 




.11.27 


130.09 


116.82 


100.02 


79.75 


50.35 


20.97 


E 




2659 


2551 


2418 


2237 


1998 


1587 


1024 


V 




23.23 


23.44 


23.70 


24.03 


24.42 


25.02 


25.63 


'". 


15 


1.258 


1.323 


1.411 


1.547 


1.760 


2.269 


3.602 


3 

a 




1.266 


1.313 


1.356 


1.403 


1.497 


1.533 


2.142 


d 




166.77 


155.81 


142.82 


127.00 


106.55 


77.77 


49.01 


E 




2889 


2792 


2674 


2521 


2309 


1972 


1566 


V 




33.29 


33.59 


33.94 


34.38 


34.96 


35.79 


36.64 


^\ 


10 


1.659 


1.732 


1.828 


1.9«)4 


2.180 


2.613 


3.370 


8 

a 




1.454 


1.485 


1.526 


1.581 


1.666 


1.824 


2.071 


d 




207.99 


197.38 


184.81 


169.. 53 


149.79 


122.04 


94.35 


E 




3227 


3143 


3041 


2913 


2738 


2471 


2173 


V 




61.89 


62.42 


63.06 


63.84 


64.88 


66.37 


67.90 


^\ 


5 


2.763 


2.860 


2.986 


3.156 


3.412 


3.868 


4.500 


2 

a 




1.876 


1.908 


1.950 


2.005 


2.084 


2.219 


2.394 


d 




258.01 


247.81 


235.74 


221.04 


202.14 


175.92 


149.08 


E 




3593 


3521 


3435 


332(i 


3180 


2967 


2719 


V 




141.4 


142.5 


143.9 


145.0 


147.9 


151.0 


154.5 


^'2 


2 


5.666 


5.828 


6.034 


6.305 


6.697 


7.335 


8.147 


a 




2.686 


2.724 


2.772 


2.833 


2.920 


3.056 


3.221 


d 





onlinito, one for the pf^amire pj, the other for ien>-ptt^Mi»t.^ 
an* n^ivniptotft* to iIji^ mrve. ihi^ Utter rising to infinity for w^ 
%*?locity U the fitart adcI for in&ute volume at perfect vacuum 

The study ol the ideal forai of th« ateftm-jrt h^ trsio im|)OT- 
tJitit praciiml uppUratiom: from the entnmee-rrun^e AW ft 
dedtii'« the rate of flow through an orifice utider any nonditiom; 
whUe the disetiAtK^e^cufVG CDE fumlshes data for the determiimtifln 
of the |>fopiT $imp^ ol the nomle whieh will deliver the jot dt 
nkajdtuuni attainable etkergy — this m^&gy to \m applied to ^ 
doJAg of ttieful work, «speaaliy in the stcsiaQ-turbine. 

S 35. Steam«j£t Ctirft& 

(a) R-iTK or Fijoti.— Fnim the sbmpt of th© entranee*aiTVt 
ABC. Fig. 46» we see that, for a ^Vf^n initial pressure, the rate 1 
erf flow thnmgh a ^vcn orifiix will mert^asie with the dn>p m pi» ' 
ftirtf, at firnt ra|utUy, ihra dowly. Titi^ rate will n»«ch itii mim* 
mum when the loww pniMre m at the >*alue com^ioiidiiig \a 
the liiut aeclioii, at C; mod any further rtduetton in Ibe pi^^»rt 
on the iiiK^haffe ode irOI ha^ft 110 effect upon Ike rate of Sow. 
Hm fart~that« when «leain flows from a h^ pmniutr to a km^j 
the pfes«aire in the ofifiee wiU automatioiny adjisst itself to thdl 
value which will gt\*e thc^ maximum disehaife — id embodied in 
Xapiej s escperimcntal fontiulaf 

"'-"5« (la? 

> o is the croaN^ctioo of the ofifioe in sqttm inches, |\ the 
initial pfe^^ure tn pouinb per aquare ttich. aid ir t^ 
in pmuMk per sccood; thk foimda ap|3tpi^ so toc^ 
as p, b not peatcr than about 0l6^ 

Ih) CimrxMisiiS with Xafiois FciaittJiJL^ln ¥fg. 46, ihe 

/'fii-pIi^pOOlt C\ as at fir§t l*"»ifti:*^! r<v t ruttvlv #T>fJili**T d!/!£f- 

miija?k>n of the lowest point of the curve, was focmd to be at 
from 0,57 to 0.50 of p^, with 0.58 as the indiealed mean vahie 
r/i Uj^: ratio. TTie C-points, as marked by short er»3»4iiies. woe 
•i^j^^Ti jy*A/^n^i at exactly O..SSpi on all the curx-es. Now if Xapiers 



25(6)] 



STEAM-JET CURVES. 



149 



:Sonn\ila is absolutely correct, we should have, letting a^^ represent the 
least section of the jet, 

aoPi=70 (121) 

By actual measurement of a^ the following results were obtained 
— ^— a few small discrepancies in the lower values, within the limit 
•€rf graphical accuracy, being smoothed out: 

•Table 25 A. Data for Comparison with Napier's Formula. 



P\ 


oo 


.OoPi 


Pi 


oo 


ooPi 


250 


.286 


71.5 


105 


.664 


69.7 


220 


.324 


71.3 


90 


.771 


69.4 


195 


.364 


71.0 


75 


.920 


69.0 


170 


.416 


70.7 


60 


1.142 


68.5 


150 


.470 


70.5 


45 


1.510 


6^.0 


135 


.620 


70.2 


30 


2.247 


67.4 


120 


.584 


70.0 


20 


3.340 


66.8 



An equation of relation found from these values of a^j)^ is 

a^p^.973 =51 55 (122) 

In Fig. 46 an equilateral hyperbola is drawn through the C-point 
for 120 lbs., marked C©: this curve F'CCoG' is continued across 
the small-scale low-pressure curves as GH. The axes of the hyper- 
bola are OM and ON, and it represents the assumption a^Pi=C, 
Note that it drops below the C-points for high pressures and rises 
above them for low pressures, as the numerical values in Table 25 A 
would indicate. 

(c) Deduction from the Exponential Equations. — A result 
similar to that just set forth can be got by working from Ekjuations 
(71) and (61); and this alternate method will now be developed, 
because it shows another way of approaching the problem of the 
behavior of the steam-jet, and leads to some useful results. 

For adiabatic expansion we have 



PlK -Pi^y 



(71) 



where n = 1.135 for Xj^l.OO: while the steam-volume formula 
for the dry-saturated condition is 

p^2;^m=483^ 7W = 1.065 (61) 
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Now for the work represented by the diagram ABCD in Fig. -45 
we have — ^see § 7 (g) — 

=-»-^.«['-(g)jJ 
=1210.7p,t;,[l-(gy''''J (123> 



From (61), 



1 ^-^ 



Then (123) becomes 

C/ = 1210.7x331.2piO6iO3ri_/M"^l (i23') 

This is the energy stored in the jet, in foot-pomids; and to get 
the velocity V we proceed as in (118), finding 

V =\/64.32[/ = 16060pi«305ri _ fh\ '^^^1* . . (i25) 
Now the specific volume of the expanded steam is 

Then for the area a we get 
a = 144(?;2-V) 

Whence 

ap,97=2.070-T^^^-— (128) 

The discrepancy between the value of the exponent of p^ in 
this formula and that found by trial for Eq. (222) is due to the 
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I 



1 

t 



tact that neither of the primarj^ equations for this last discussion 
is in quit« exact agreement with actual conditions. 

(</) Discussion of Equatkin (128).— To cdciilate by this 
[formula a set of values of a such m that given in Table 24 A and 
Mptted in Fig* 46 would involve at least as much numerical work 
ft the method there used, with the chsad vantage that a number of 
important intermediate quantities would be left undetermined. 
tAn attempt to investigate for the minimum value of {ffPi'^'^) by 
[the standard method of ei[uating to zero the first derivative in 
terms of the pressure-ratio would involve one in a mathematical 
'maze. But this equation serves one very useful pur]3ose in that 
it brings out clearly the fact, suggested b^^ Fig. 46, that the a-curves, 
:if considered on a basis of pressure-ratio rather than of absolute 
pr^sure. are similar in form. In other words, for a given ratio 
of 7^ to p,. the ratio of a to Uq is the same for all the curves. This 
is miide apparent in Fig, 46 by drawing the hyperbola KBL through 
the Initial point of the 120-lb. curv^e at B^j — the initial points of 
all these curves corresponding to p^ ^0.9/>j, as before stated. It 
appears that the relation of this hyperbola to the B-points is simi- 
lar to that of the cur\'e F'C'Ct'-GH to the C-points. 

(e) Curves of Discharge, — Having then the valuer of q^^ 
given in Table 25 A or found by (122), we need only determine and 
ret^ord the ratio of a to a^ for the fuH range of pressure-ratio in 
order to be able to compute the area of the jx»und-second orifice 
for any conditions, or, conversely, the discharge per square inch. 
This idea of using pressure-ratio as a base Ls first applied in Fig. 47, 
where the curves of Fig. 46 are redrawn on this system. This 
figure is intended to serve as a graphical table, from which can be 
read either the area of cross-section or the diameter of a pound- 
second Jet of initially dry steam. The practically useful part 
of the diagram Ls that from the left margin to the choke-line CC: 
the part to the right of this line is added merely to show the char- 
acter of the beginning of the expansion of the Jet, In lajing out 
the cur%'es, values of a are measured from the lower base-line, 
valuer of d from the top line, as indicated by the scales. Tlie 
line PP is drawn to show how the pressure droi>s, the full height of 
the diagram representing the initial pressure. 
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Fig. 47. — Curves of Discharge. 

As a test of the similarity of these curves^ the following results 
were measured and computed from the original of Fig. 47, for 

Table 25 B. Data prom Fig. 47. 



p,- 260 
Co- ,286 
a- .433 


195 
.364 
.557 


150 
.470 
.720 


120 

.584 
,895 


90 60 

.771 1.142 

1.177 1.736 


30 
2.247 
3 31 


20 
3.340 
5.07 


e-1.57 


1.63 


1.53 


1.53 


1.525 


1.62 


1.473 


1.52 



♦Dropping the subscript, we shall henceforth use the plain symbol p for 
the variable lower pressure, Pj still ataoding for tbe initial pressure. 
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It appears that these curves, while accurate enough for most 
purposes, are not to be depended upon for very precise results^ 
the one for 30 lbs. showing an error of about 3 per cent. : but that 
the ratio of areas is substantially the same for a given pressure- 
ratio, for all the curves, seems to be quite well established. 

Example 1. — If steam flows from a vessel at 150 lbs. pressure into 
one at 120 lbs., through a properly shaped orifice of 1 sq. in. area, how 
much will be discharged in one minute? 

Here Pi-150, p = 120, p/pi = .8. 

From the 150-lb. curve at 0.8 we read a - .55 sq. in., for 1 lb per sec; 
then 1 sq. in. will discharge 1-^ .55 = 1.82 lbs. per sec, or 109.2 lbs. per min. 

NoTE.-:-The question as to what is the proper shape of orifice for 
the securing of this full theoretical discharge will be discussed in § 27. 

(/) Expansion of the Jet. — The representation of the curves 
of Fig. 46 in the manner of P'ig. 47 is completed in Fig. 48. Here, 
however, the pressure-ratio is not laid out to a uniform scale, as 
that would imduly separate the ordinates at the left, while crowd- 
ing those at the right. A better shape for the curves is got by 
making the abscissa proportional to the s quare root of the recip- 
rocal of the ratio p:Pi, that is, to Vpj -^p. The resulting variable 
scale of pressure-drop is given at the top of the diagram, and the 
manner in which the pressure varies is shown by the curve PP. 
Points on the curves corresponding to different absolute terminal 
pressures, from 15 lbs. to 2 lbs., are marked by small circles and 
joined by curves showing their relations. 

An interesting coincidence made evident by the shape of the 
d-curves is, that the kind of pressure-change assumed in spacing 
• the ordinates of this figure is what will occur in a conical nozzle. 
Drawn on section-paper with small divisions, and to a large 
scale, these curves would be useful for determining, with the 
fullest accuracy needed in practice, the dimensions of the flaring 
nozzle which is essential to the production of a perfect steam-jet: 
that is, of a jet in which is realized the full utilization of energy 
described in § 25 (a). Thus in Fig. 44, the conditions being the 
same as those of Fig. 45, where Pi = 150 and Pj^l^; the diameter of 
the tube D is to the diameter of the throat C in the ratio of the 
numerical values 1.20'' and .77" scaled from the r/-curve for 150 
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insformation in the development of the steara^jet. and l>efore 

sidering the various ways in which the energy of the jet i5 applied 

the doing of useful work, wc will put into a furni still more 

anvenient for general use the results of the computations em- 

Hed in Figs. 46, 47, and 48; combining the methods of § 24 (c) 

id of § 25 (c) as may seem advisable. 



J 26. A General Determination of the Adiabatic Jet, 

(a) SropK OF TUK Discussion, — In Figs- 49, 50, and 51, and in 
le accompanying tabl^ are pre^nted the following: 
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Fio, 49.— Curvee for SmaU Pressure-drop. 
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base-line representing pressure-ratio to a uniform scale. . Figs. 49 
and 51 show the extremes of the operation, spread out laterally, 
Fig. 50 the wide intermediate range: the several ordinate-scales 
are chosen with a view to the space available and the range o£ 



4000 




^9 ^ ^* O^ OZ 

Fig. 51. — ^Terminal Conditions. 



oo 



each group of curves, and are marked on the figure, that for V 
at the left, that for a/a^ at the right. Note that the areas of sec- 
tion are given, not in absolute measure, but as compared with the 
choke-area of the dry-steam curve, the same a^ as in the preceding 
section. 

These diagrams are all drawn from values computed for pi = 120 
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Table 26 A 


. Stf 


AM-JET Quantities for p 


, = 120 


, x, = 1.00. 


1 


2 


3 


4 


5 


1 


2 


3 


4 


5 


i 


eg. 


Is 


1 


fi 


•h 5 




it 


i 

< 


f^ 


1' 




> 




1 




P 


l^ 


¥ 


1 


I'" 

E ^ 


R-, 


U 1 


V 


fl/oo 


K 


H^ 


u 


V 


O/Oo 


K 


.999 


04 


64 


14.31 


1002. 


,84 


11,034 


843 


1.267 


88.73 


.998 


128 


91 


io.m 


701. 


.83 


11,784 


871 


1.237 


86,61 


.997 


192 


in 


8.26 


579. 


.82 


12,542 


898 


1 209 


84.68 


.996 


256 


129 


7.11 


498. 


.81 


13,307 


925 


1.184 


A2 93 












.80 


14,080 


952 


1.162 


81.38 


.995 


321 


144 


6.38 


447. 


.79 


14,861 


978 


1.143 


80.04 


.994 


385 


157 


5.8f> 


no. 


,78 


15,650 


1004 


1,126 


78.85 


.993 


449 


170 


5.44 


381. 


.77 


16.448 


1029 


1.111 


77.81 


.992 


514 


182 


5.08 


3.56. 


.76 


17,255 


10*^ 


1.098 


76.90 


.991 


578 


193 


4.78 


335. 


-75 


18,071 


1079 


ljm7[ 76.12 


.990 


643 


203 


4,54 


318, 


.74 


18,896 


1103 


KOTt' 75.42 


.988 


772 


223 


4.14 


291. 


.73 


19.730 


1127 


1068 74.77 


.986 


90! 


241 


3. 85 


270. 


.72 


' 20,573 


11.50 


1 0591 74.17 


.984 


1030 


257 


3,62 


253-5 


.71 


21.425 


1173 


1.05l! 73Ji2 


.982 


1160 


273 


3.42 


239.5 


.70 


22,286 


1197 


1.044 


73 11 


.980 


1290 


288 


3.24 


227,1 


.09 


1 23,1.^7 


1220 


I 037 


72.63 


.978 


1420 


302 


3.09 


215,4 


J>8 


24,038 


1243 


1.031 


72,19 


.976 


15M 


316 


2.96 


207 3 


.07 


24,930 


12ti6 


1.025 


71.79 


.974 


ir*81 


328 


2,8.5 


199.6 


,66 


' 25^3 


1289 


1.020 


71.44 


.972 


1811 


311 


2.75 


192,6 


.65 


26,748 


1312 


1.016 


71 14 


.970 


1912 


353 


2.66 


1S6J 


.64 


27,675 


1335 


1.012 


70.86 


.965 


2270 


382 


2. 48 


173,9 


.63 


1 28.615 


13.58 


1,008 


70.61 


.960 


2f^^Kl 


4m 


2,33 


163.4 


,62 


i 29,.5(>9 


1380 


l.OOS; 70.4C> 


.955 


2931 


434 


2.20 


LM.3 


.61 


so^-ias 


1402 


1.003. 70.25 


.950 


32(U 


4,^S 


2 M\ 


!4fi,6 


A)Q 


31,522 


1424 


1 002j 70.18 


.94 


3935 


5(J3 


1.923 


134,7 


59 


32,522 


1446 


1,001 70.11 


.93 


4613 


545 


K795 


125.7 


.58 


33,539 


1469 


1.000 70.04 


.92 


5290 


584 


1,690 


118.4 


.57 


34,574 


1491 


1.000, 70.04 


.91 


5992 


fi20 


1.604 


112,3 


.m 


35,627 


1514 


l.OOl' 70.11 


.90 


6692 


655 


1.533 


107.4 


.55 


36,699 


1536 


1.002! 70.18 


.89 


7398 


689 


1.473 


103,2 


.54 


37,791 


1559 


1.003 70.25 


.88 


sni 


722 


1,421 


1»9..13 


.53 


38.9l>3 


15S1 


1.005, 70.40 


.87 


8?i3l 


7.V1 


I 37U 


9j>.37 


.52 


40,036 


1604 


i,ms 


70.61 


.86 


9r>5S 


785 


i.:m 


113.57 


.51 


41.191 


1627 


1.012 


70.86 


.85 


liK292 


S14 


1.3410 


91.05, 


.m 


42,3118 


165(J 


1.016 


71.14 
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Table 26 A 


— Cfmiinaed, 








_^ 


U 


y 


rt/«0 


K 


*!. 


V 


V 


a/oo 


it 


^^49^ 


43,570 


1674 


1.020 


71.44 


24 


83,950 


2324 


1.386 


97 10 


48 


4^,790 


1097 


1,025 


71.77 


.23 


86,170 


2355 


1 423 


99 60 


-47 


■16.040 


1720 


1.030 


72.13 


22 


8S,4SO 


2386 


1,4(32 


102.4 


46 


47,310 


1744 


1,036 


72.53 


.21 


90.870 


2418 


1.503 


105,3 


-45 


48.dl0 


1767 


1.042 


72 97 


,20 


93.360 


2451 


1.546 


10S.3 


.44 


4^mo 


1791 


1,049 


73.45 


J9 


95,95f) 


2484 


1.592 


111,5 


-43 


51 :m) 


1915 


1.05G 


73 97 


.18 


98>(373 


2519 


I Mi) 


114.9 


A2 


, 52,67r) 


1840 


KWVl 


74,53 


.17 


101,540 


25.56 


1-691 


118.4 


41 


54.080 


1805 


1.073 


75.13 


,16 


104,570 


2.594 


1.744 


122,1 


'40 


55,520 


1890 


1.082 


75.78 


,15 


107.800 


2634 


1,803 


126.3 


m 


,50,990 


1915 


lom 


76.48 


.14 


111,250 


2676 


1.873 


131.2 


38 


58.54X1 


1940 


1 . 103 


77.25 


.13 


114.980 


2720 


1.960 


137,3 


.37 


' fiO.040 


1905 


1.115 


78.09 


.12 


119.020 


27G7 


2.072 


145.1 


m , 


6K610 


19&1 


1J28 


79.01 


.11 


123,440 


2818 


2.220 


155,4 


,35 


63.230 


2017 


1.142 


79.99 


JO 


12S;280 


2873 


2.420 


168.8 


M 


64.880 


2042 


1.157 


81 04 


.09 


133,570 


2931 


2.63 


184 2 


,33 


Bfi,570 


mm 


1.173 


82.16 


.08 


139,410 


2994 


2,87 


201 


,32 


i;s,:4u() 


2U94 


1J90 


S3 36 


.07 


145.&10 


3063 


3.14 


219.9 


.31 


7U,tMI 


2121 


1.208 


84,64 


.06 


153,120 


3139 


3.52 


246.5 


.30 


71,900 


2149 


1.228 


80,00 


.06 


161 ..500 


3-223 


4.01 


280.^ 


-29 


73,770 


2178 


1.249 


87.46 


.04 


171.200 


3318 


4.77 


334 1 


.28 


75,fi9f> 


220e 


1.271 


89.0.1 


.03 


182,900 


3430 


5.98 


418 8 


,27 


77.*>70 


2235 


1.29*3 


W.77 


.02 


200.000 


3587 


8,17 


653.9 


.213 


79J(H) 


2264 


1 323 


92 f38 


.01 


228.900 


3837 


14.53 


1018. 


25 


81J90 


2294 


13^ 


94.79 


.00 


2gl,60Q 


4256 


00 


OO 



%. abs*, the pressure for which, according to Table 25 A, Napier's 
formula, agrees exactly with the theoretical deduction; and which is 
^.taken as a good representative mean value. 

^B The eur\*ea are distinguished by marking them with the par- 
^wcular value of Xj belonging to each. The initially superheated 
^Bfeurve is drawn for a degree of superheat which will make the mitiai 
volume exceed by 20 per cent, that for dry saturated steam, which 
corresponds to Xi = 1,00; and by a sort of analogy, limited strictly to 
volumes, as distiuguishcd from heat-quantitie8, this state is mdi- 
cated by letting x, be L20 and marking the curve with this vaJue. 

(7j) Thk Case uf 8te.ui Initially Dry.— In Figs. 46, 47* 
wd 48, and the aecomi>aiiying text^ this case is covered by work- 
out fully the curv^es for a lai^e number of initial pressures. 
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By interpolation in Table 24 A or on the diagrams, values can be 
got for intermediate conditions. In Figs.. 49, 50, and 51, and 
especially in Tables 26 A and 26 B, this same matter is put into 
more convenient shape for general numerical application. 

(c) In Table 26 A the following quantities are given : 

Col. 1. The "independent variable," the abscissa of the dia- 
grams, is the ratio of the changing lower pressure p to the fixed 
initial pressure pj, so that Rp=p-^Pi. 

Col. 2. The quantity U is the same thing as E in Tables V. 
and 24 A, but the energy is here reduced to F.P. instead of being 
expressed in H.U. 

Col. 3. V is the velocity of the steam corresponding to the 
kinetic energy U, 

Items 2 and 3 belong to the particular initial pressure for 
which the table is wprked out. 

Cx)l. 4. gives the ratio of the cross-section at any pressure to 
the least area of section, at the choke. Assuming that the cur\'es 
are similar for different initial pressures, this column is of general 
application. 

Col. 5. The divisor K is analogous to the constant 70 in Napier's 
formula, the eciuation for the rate of flow past any particular 
cross-section of the jet (that at which the pressure has any value 
p) being, in the same tenns as (120), 

»'=y (129) 

These values of K bclonji; to this particular pressure; they 
are got by multiplying the special choke-area fro= 70.04 by the 
general ratios of areas given in Col. 4. 

Cols. 3 and 4 are representctl by the curves marked 1.00 in 
Fi^. 49 to 51 : all the quantities are here reduced to close numerical 
expression, and the smallness of the divisions facilitates interpola- 
tion. The divisions are especially close over the first part of the 
range, which covers the conditions of the flow of steam in pipes, 
where the pressure-drop is small. 

(d) Tablk 26 B, tlirougli which the full determination of 26 A 
is applied to any case, may be described — and its use illustrated — 
as follows: 
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Table 26 B. Constants for Different Initial Pressures. 



1 


2 


3 


4 


5 


6 


7 


Pi 


^u 


Rr 


Ra 


oo 


Ko 


Sjc 


250 


1.0458 


1.0226 


.4896 


.2858 


71.45 


1.0501 


240 


1.0432 


1.0214 


.5094 


.2974 


71.38 


1.0191 


230 


1.0405 


1.0^1 


.5310 


.3099 


71.28 


1.0177 


220 


1.0377 


1.0187 


.5545 


.3236 


71.19 


1.0164 


210 


1.0347 


1.0172 


.5801 


.3386 


71.11 


1.0153 


200 


1.0317 


1.0155 


.6083 


.3551 


71.02 


1.0140 


190 


1.0284 


1.0141 


.6395 


.3733 


70.92 


1.0126 


180 


1.0250 


1.0124 


.6740 


.3934 


70.81 


1.0110 


170 


1.0215 


1.0107 


.7125 


.4159 


70.70 


1.0094 


160 


1.0177 


1.0088 


.7558 


.4412 


70.58 


1.0078 


150 


1.0137 


1.0068 


.8050 


.4698 


70.47 


1.0061 


140 


1.0095 


1.0047 


.8607 


.5024 


70.34 


1.0043 


130 


1.0049 


1.0024 


.9250 


.5400 


70.20 


1.0023 


120 


1.0000 


1.0000 


1.000 


.5837 


70.04 


1.0000 


110 


.9947 


.9974 


1.088 


.6353 


69.88 


.9976 


100 


.9889 


.9945 


1.194 


.6969 


69.69 


.9951 


95 


.9858 


.9929 


1.255 


.7327 


69.61 


.9939 


90 


.9826 


.9913 


1.323 


.7722 


69.51 


.9924 


85 


.9792 


.9895 


1.399 


.8164 


69.39 


.9908 


80 


.9756 


.9877 


1.484 


.8660 


69.28 


.9892 


75 


.9717 


.9858 


1.580 


.9221 


69.16 


.9874 


70 


.9676 


.9837 


1.690 


.9862 


69.03 


.9856 


65 


.9633 


.9815 


1.816 


1.0596 


68.89 


.9836 


60 


.9586 


.9791 


1.963 


1.1455 


68.74 


.9814 


65 


.9535 


.9765 


2.136 


1.2469 


68.58 


.9792 


50 


.9480 


.9736 


2.344 


1.368 


68.41 


.9767 


45 


.9419 


.9705 


2.597 


1.516 


68.22 


.9740 


40 


.9351 


.9670 


2.912 


1.700 


68.00 


.9709 


35 


.9276 


.9631 


3.316 


1.936 


67.76 


.9674 


30 


.9189 


.9586 


3.853 


2.249 


67.47 


.9633 


25 


.9087 


.9533 


4.601 


2.686 


67.15 


.9587 


20 


.8964 


.9468 


5.717 


3.337 


66.74 


.9529 


15 


.8808 


.9385 


7.563 


4.415 


66.23 


.9456 


10 


.8593 


.9270 


11.221 


6.550 


65.50 


.9352 


5 


.8237 


.9076 


22.028 


12.857 


64.29 


.9179 



Col. 1. Pi is the initial pressure in pounds per square inch absolute, 
from which the expansion is to begin, with a:i = 1.00, for any case. 

Col. 2. Ru is the ratio of the jet-energies, comparing the 
energy clue to expansion from any pj to RpXPi vnih that due to 
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•.684X.608-.355 (that is, a^ for 120 multiplied by lU for 200). Now 
'^orRp^O.l we get from Table 26 A, Col. 4, 

a - 2.410 Oo = 2.410 X .355 - .856 sq. in. ; 
-^d for one-quarter of a pound per second the area would then be .214 
^. m. Note tliat the value of o, .86 sq. in., could be got roughly by 
interpolation on the 0.1 line in Fig. 48. 

Col. 6. Kq is the Napier divisor, corresponding with a^p^ in 
Table 25 A, and found by evaluating this product a^Pi, using 
Cols. 1 and 5. Compare Cols. 5 and 6 of this Table with the simi- 
lar quantities in Table 25 A. 

Col. 7. Rk is the ratio of each K^ to that for 120, found by 
direct division. It can be used for modifying Col. 5 of Table 26 B 
80 as to fit any case, since all other similarly located K's are in the 
same ratio as the Kq's. 

Example 3. — How much steam will be discharged through an orifice 
of 1 sq. in. area from a chamber at 90 lbs. into one at 75 lbs.? 

Here iJp -.833, and from Table 26 A, Col. 5,Kis found by interpola- 
tion to be 87.3. This would be for pj = 120; for p^ = 90 we must multiply 
it by Rk - .9923, getting 86.6 as the corrected value. Then by substitu- 
tion in the general formula (129), 

W-a^ - 1.0-^ - 1.039 lbs. per sec. 
A oo.o 

This Rkj with the X-values in Col. 5 of Table 26 A, furnishes the 
Bimplest solution to the problem stated in this example. 

By means of these two tables all questions as to the dimensions 
of the ideal steam-jet with steam initially dry-saturated can be 
answered with a degree of accuracy quite sufficient for any prac- 
tical purposes. 

(e) Mixtures of Steam and Water. — The curves on Figs. 49 
to 51, for values of x^ from .80 down to .00, are laid out from com- 
putations made according to the methods of § 24 (d). As an 
example of these methods, take the case where Xi = .60, p/p^ or 
/?p = .9, and find values of t/, F, v, a, etc.: 

From an adiabatic table like Table V., but with a different set 
of values of pj, the limiting values of E and v are, for p, = 108 lbs., 
£=8.603, £'o=079, A\ =8.524 H.U. 

v, =4.055, Vjo ^ -055 cu. ft. 



« rs^ iY::.iAC*:s -jF steam. ^hapv. 



I 



A-air:. 



Mll'i 



.*.•: =- r.v^ ••:. ft. 






'.ii«' 



K, ,r jr^ = 1 .Qij. . • ^ = .> i ^ . . > SI -.>.jl: • t, = .o'.« -^ ..>S4 =1.186; 
on ihr .iiiiirnnii. w:.:-:. -^.r .rj.\-:. :r p.p sL-ie-riie computations, 
llio t'Mrrr>|Miri«ii!;i: v;tl :•• > ^-. \: l.lv. 

I'lii' >l»':iiii-«-\|i:i!.-:..:. i:.ijri:. * :.r :hi? Th«jl»? series of cun*es 
[iw liivt'ti in Fiir. oJ. A::.i\jir '::: j»r:.»:ril -.ern:;? tr> Fi^. 45. These 
ili:ii;i:tMis in:ik(» LTapliio tl.*.- crji:.^.^ i:. -.he er.erz}' of the jet ainl 
in Mm* s|HM'ilic vtilwrni- <*i :L»* .•?tfa::.. •.•a':ie»l '^\v variation in the 
iiuiLil sM'aiM-fraction j. — t:;t' i::t»•r:.»-Lia:^* a«i:ar'a::i?< di Aiding the 
:»i-!\M't'n ciirvi- iJH) aii'i <.-:r.v .0 ::.:■.. rlv*.- »>'iial partj^. It 
M- Mitii'il tliat. in orliT tn shf-.v :n:::. h::.:< of the expansion 
'••.iM>!i;iM»' rlrarncs<, it wa-* :;».i;t-s^ar." tn a-:op: a ilevKv just 
•^.■l'^^• .»l" that n-f'l wlii'n (•••::.: '!!»::::: i!ivii«-a:or-i*ar.:< fn^ni a 
L . ■: riiL'lMr «'?il;irL:irii: tilt' pn>\<v;re-iailo aii-i si'jir.oninL: up 
:i-. I'l tlir l«»\vrr jaFt nf thtMiiairra::.. I :i t:iL> particular 
. \\.» tii:i.'ii:r.s an' in tlir sai:n^ ratio, prissun^s Ivim: tive 
.. .1-. oMi'lifih. as larir** in 11. as in I.: lu-* a result, the 
■ ■.■! ■•■.ii oi' :irca is tin* samr f<»r iK^tii i>ans or tlu* i.ii;iirrani, 
■.• ■ 'v.'tly compiiraMc'. Tliis tiirure hrir.ij^s out ek-arly 
. .,■ ..] \\\r (•\j)aiision into the vacuuin-ranire, Ivlow 
— >;»'iriir prrssnrc, i's|Hrially when tlie expansion- 
.. .. ■'^^.l\' .lown lo tiie line of I)aek-pre:?sure. iiistea^l of 
. . . i. •;! -.I'vTl as in the ordinary enirino. 

. .... 1^ I'oini t(» Im* n(^tell on Fijr. ")1 is the way that 

..,..-, uv\i v'!c line of zero pressun\ at the riirht (slire of the 

■ :.^ AIM. null ^HUiittf arc not ilctrrminiNl accurately here, 



126(e)] DETERMINATION OF THE ADIABATIC JET. 



166 



tke curves being simply carried forward from the lowest com- 
puted value, at p = 1 lb. or Rp = .00833. This brings out clearly the 
fact that, even though v goes to infinity for p=zero, Fig. 62, the 
area of the expansion diagram has a finite limit. 



jj^ T IB a 2 !!? X, 




CuFt ZS V 50 73 iOO' 

Fio. 52. — Pressure- volume Diagrams for Figs. 49 to 51. 

(/) Superheated Steam. — The effect of initial superheat is 
illustrated by the curves marked 1.2, as explained in (a). Com- 
putations for the upper part of this curve were made by the expo- 
nential method, using Eq. (72), 

With this index n = 1.333, the expansion-curve in Fig. 52 will 
drop much more rapidly than the cun-e of constant steam-weight, 
for which n = 1.065. The latter is drawn in as BC, for Xi = 1.00, 
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and the adiabatic 1.2 crosses it at C, at about 45 lbs. pressure — 
which means that the steam passes, at this point, from the super- 
heated to the saturated state. P>om here on the index will be 
1.135, according to Eq. (71). 

In making the calculations for curve 1.2, the change of index 
from 1.333 to 1.135 was not made abniptly, but a shading-off 
effect was introduced, n being gradually decreased in successive 
5-lb. mtervals as the adiabatic approached BC. The manner of 
this variation is a matter of judgment, as the l>ehavior of super- 
heated steam near the saturation-curv^e is not known precisely. 

A noticeable fact is the small relative value of the superheat^ 
which value decreases as the pressure falls. The amount of heat 
put into the steam in order to produce a given change of volume 
during superheating at constant pressure is so much less than 
that involveil in an equal volume-change during evaporation, that 
it represents a comparatively small part of the internal enei^gy 
\ipon which draft is made during a subsequent adiabatic ex- 
pansion. 




r,0 DL L2 IV, tA V. L6 VI. l@ 2.0 22 Z4 

Fig. 53. — Cun es of Comparison. 



Z£ 



£B 



IjO 



{g) Comparison of Curves for Different Initial States. 

Glancing over the curves on Figs. 49 to 51, we note a general 
similarity in form, which becomes greater as the pressure drops — 
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As ^1 decreases^ the eun^es depart from those for jr^^LOO, at an 
increasing rate, -i^i approximate [ocus of the choke-point is 
sketched oo Fig. 50, at CC, showing how this pobit is reached 

ler in the expansion as the initial fraction of water is greater, 

to the fl-cnr\'e for L2, soon after passing its choke-point it 
peaches a place where the increase of V" and tiiat of v over the 
corresponding values for ^i=LOO are in the same proportion; 
and from there on these two cnn^es agree, tlie differences sho\\Ti 
by tlie calculated values Ijeing too small to appear on the diagram. 

In Fig. 53 and in Table 26 C, a comparison between these curves 
is expresseit in quantitative terms: corresponding ciu%'es and 
columns in the table are tlesiguateti b}- the same nuinber* In the 
fig\ire, Xj is the independent variable, measured vertically; and 
the abscissas have various meanings, being nieasiire<i according 
ta the several scales inarke*.! along the top and bottom of the 
diagram. Descrlbetl in detail, the matters here set forth are as 
follows; 

I. This a^ is the choke-area for each condition, in terms of that 
for jCj^^l.OO. It will be noted that most of the quantities given 
are, like this one, ratic© rather than absolute quantities iji any 
particular measure, 

U. Kq is the number by which a^p^ {a^ in square inches, here) 
is to be divided in order to get the weight discharged per scjuare 
inch of choke-area. The {|uestion as to how nearly constant this 
K^ is, for low values of x^ as p, varies, has not been gone into: 
it would be a matter of interest ^ though of no practical impor- 
tance in this connection, to fix the coiLstants of formulas analogous 
to (122) ami (129), for hot water. 

111. ir, the reciprocal of a^ in L, is the relative weight dis- 
charged through ii certain area of choke from the various states. 
It increases quite rapidly with the proportion of water: btit a 
€ompari:son of the rate of efilux of hot water with that of cold water 
under the same pressure-conditions would show that the latter is 
much greater; the reason appears when we note how ver^^ small 
a portion of t!ic jjressiire-*Jrop is avaUable to accelerate the jet of 
hot water before the choke is reached ^-see the a-ciur\'e for x^^.OO 
on Fig. 49. 
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Table 26 C. The Effect, upon the Steam-jet, 

i. ii. iii. iv. v. vi. 













«« 




Xi 


Oo 


Kq 


W 
















0.2 


0.1 


.01 


1.2 


1.030 


72.1 


.971 








1.1 


1.150 


71.1 


.984 








1.0 


1.000 


70.0 


1.000 


1.000 


1.000 


1.000 


.9 


.954 


06.8 


1.049 


1.005 


1.010 


1.016 


.8 


.905 


63.4 


1 . 106 


1.015 


1.024 


1.033 


.7 


.849 


59.4 


1.178 


1.024 


1.039 


1.054 


.6 


.790 


55.3 


1.267 


1.036 


1.055 


1.080 


.5 


.727 


50.9 


1.376 


1.053 


1.078 


1.122 


.4 


.660 


46.1 


1.515 


1.07 


1.11 


1.18 


.3 


.589 


40.9 


1.697 


1.10 


1.16 


1.26 


.2 


.509 


35.0 


1.963 


1.14 


1.23 


1.39 


.1 


.396 


27.4 


2.525 


1.23 


1.39 


1.68 


.0 


.217 


15.2 


4.61 


2.22 


2.47 


3.02 



IV., v., VI. These curves compare the ratios of expansion of 
the jet, each in tenns of its own choke-area. The numbers 0.2, 
0.1, .01, at the heads of the columns, are values of Rp, the ratio 
of pressure-drop which forms the base in Figs. 49 to 51, three 
particular cases being investigated. As an illustration, let a be 
the area at p^OAp^: then for curve 1.00, a/a^ =2.420, from 
Table 26 A; for curve .20, a' = 1.515ao, from Fig. 50; while a/ = 
.509 flo as above; therefore aVao' = 1.515 ^.509 =2.976, and the 
ratio of the two jet-expansion ratios is -Ra =2.976-^2.420 = 1.23. 
What we show by these curv-es is how much the rate of area- 
growth of initially wet jets exceeds that of the jet from dry 
steam. It wdll be noticed that the difference in relative propor- 
tions increases as the terminal pressure is lower. 

VII., VIII., IX. For the same limits as the preceding set of 
three curves, these show how the energy" of any jet compares with 
that of the 1.00 jet, when expanded through the same range. The 
'' curves '* are, of course, straight lines, the energy varying exactly 
as the steam-fraction: the base, the energy U of the dry jet, is a 
different quantity for each column. 
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OF Variant Initial Composition. Table 26 C. 

VIJ. VIIL TX. X. XI. XTL 



»J 




«r 






R^JXW 




0.2 


0.1 


.01 


0.2 


0.1 


.01 


1.2 


1.104 


1.092 


1.063 


1.071 


1.060 


1.032 


1.1 














1.0 


1.000 


l.fKK) 


1.000 


1.000 


1.000 


1.000 


.9 


.906 


.908 


.913 


.9,50 


.953 


.958 


.8 


.812 


.816 


.826 


.898 


.902 


.913 


.7 


.718 


.724 


.740 


.845 


.852 


.871 


.6 


.624 


.632 


.653 


.790 


.800 


.827 


.5 


.530 


.510 


.566 


.729 


.743 


.779 


.4 


.436 


.449 


.180 


.660 


.681 


.728 


.3 


.342 


.357 


.393 


.580 


.606 


.667 


.2 


.248 


.265 


;306 


.487 


.520 


.601 


.1 


.IM 


.173 


.219 


.389 


.437 


.553 


.0 


.060 


.081 


.132 


.276 


.374 


.608 



X., XI., XII. The preceding comparison is for jets of the same 
I'ate of fiow, measured in weight/time. Multiplying tliis Ru by 
tlie relative weight W, we get a ratio of energies per unit of area 
of cross-section of throat of jet. 

On the superheated side, the one determination made is not 
enough to fix the shape of the curves: those tliat are extended 
above Xi = 1.00 are simply carried up as straight hues, and have 
only a roughly illustrative value. 

(h) Notes on Methods of Comput.\tion. — Before leaving this 
part of the subject, it may be well to call attention to a few special 
points in connection with the computations preliminary to the 
laying out of Figs. 49 to 51. 

In making up the adiabatic table for p^ = 120, it was found that 
the methods of § 24 (c) could not be altogether depended upon 
for accurate results in the upper part of the table, above p = .^Pi. 
Thus, dow^n to p = 108 lbs., it was necessary to modify sHghtly 
the values of Ey got by (116), in order to have them increase 
smoothly; although this correction, ranging in value from .01 
to .04 H.U., was not greater than the possible inaccuracy of com- 
putation Tilth 5-place logarithms. 
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The correction just described is of practical insignificance; but 
in the finding of E^, which, while itself a small quantity, must 
nevertheless be quite accurately determined if we are to measure 
closely the energy expended in the first part of the expansion of 
hot water from high pressiu^, greater difficulty was encountered. 
The subtraction of E^ from E, used farther down in the table, as in 
Table V., was not satisfactory; and in trying to get E^ by Eq. (116), 
making Xi=0, it was found that, down to p = 108 lbs., (q^+x^^ 
came out equal to q^y instead of being less by an appreciable and 
increasing amount. Resort was then had to the simple mechanical 
method of diA^ding the upper part of the diagram, like Fig. 45, 
into horizontal strips of the width Jp=l lb., finding the mean 
of the initial and final volumes during this pressure-drop of 1 lb., 
and getting the area in foot-pounds by J(7o = 144JpXt)m«144V|ii; 
or in heat-units by JE =,lS5vta: then by adding these partial 
values cimiulatively, successive J?o's were obtained. This method 
was used down to p=96 lbs., where it was found to come into 
agreement with E^=E—Ey The r's were computed in the r^ular 
manner, from v^=^w^^-x^^. 

Fig. 24 shows that Zeuner's exponental adiabatic formula, 
Eq. (71), fails for values of x^ below .6. In connection with the 
difficulty above described, an effort was made to find out whether 
a different index would give suitable curves; but it soon became 
apparent that adiabatics for mixtures in which the water-weight 
predominates cannot be represented by an equation of the form 

§ 27. Form and Influence of the Nozzle. 

(a) General Statement. — ^The preceding determination of 
the form of the steam-jet, made in § 24 and elaborated in the 
next two sections, while it is fully worked out along certain lines, 
is yet not quite complete. Based upon the fundamental assump- 
tion that there is no loss or deflection of available energy in the for- 
mation of the jet, definite relations have been found between 
internal pressure on one hand and velocity and sectional area on 
the other; but all questions as to the manner of the pressure-drop, 
with reference to distances along the center-Une of the jet, have 
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sn left for settlement to the confining surface, that is, to the 

dozzle. It has been assuinetl that the shape of the nozzle, and 

jkhe consequent play of guiding and of internal forces, is such as 

Fill anconipany and help to produce the desired perfect transfomia- 

tion of energ\' into the kinetic fonn. 

Now it is evident that within the jet certain definite, limited 
forces act upon a limited mass of steam; so that there must l>e 
a limit to any force-effect, as, for instance, to the rapidity with 
which the jet can change its area of cross-section. As a pre- 
liminary^, then, to the study of the influence of different shapes 
of the confining body and of different conditions of discharge, 
we will now take up an investigation into the force-action within the 
jet; and especially will try to deteniiine the shape which the jet 
tends to assume under the action of its own internal forces alone, 
the externally applieii gui<ling forces being eliminated as far as 
possible. This discussion will be partly only in general terms, 

twill lead also to some quantitativ^e results, 
Fi<3. 61.— The Xfttuml Jet. 
L Stream Lines, IL Loci of Uniform Condition, 

(h) The CoNDmoNs wirnrN the Jett, as to motion and as to 
«, are partly illustrated in Fig, 54, I, shoi*^ the lines of flow, 
along which the several small streams or filaments of the jet tend 
to travel: these converge to the choke at B, then diverge. The 
shape of any one of these stream-lines— that is, the path of any 
minute portion of the vapor — is the resultant effect of a linear 
velocity along the line of travel, of a direct acceleration along 
this line, which is due to the expansion of the steam and increases 
the velocity, and of a transverse acceleration, at right angles to the 
velocity anfl continually deflecting it outward The limit of cur^-a- 
ture is reacheti when the centrifugal force of the stream , on account 
of the curved path, just eriuals the expansive pressure which 
pushes it away from the center-line. 
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It is now apparent that a certain condition as to pressure, 
velocity, and energ}^ of the steam will exist, not in a plane section 
of the jet, but over a curved surface. On a longitudinal section 
of the jet these surfaces of unifonn condition wdll trace the curv^es 
shown in Fig. 54 II. The area a worked out for Figs. 46 to 51 is 
really the area of this curved surface: which surface is at all points 
perpendicular to the lines of flow. When, however, the nozzle 
diverges but slowly, then the error caused by taking a as a plane 
cross-section is insignificant. 

>^ B ' 





Fig. 53. --Different Shajws of Nozzle. 
(c) The Fkke Jkt. — The j^robleni of finding the limiting form 
of the jet is set fortli ^aphically in Fig. 55. Here 1. represents a 
nozzle of such slow expauvsioii that the transverse acceleration of 
the outer streams calls for only a ver\' small force. But suppose 
that the nozzle, keeping the same transverse dimensions and a 
generally similar form, is shortened up; as tlie cur\'ature of the 
profile BC increases, tlie accelerating force retiuired to make the 
outer streams travel along tliis j^atli likewise increases, leaving a 
decreasing proportion of tlie internal pressure free to be exerted 
by the jet upon the nozzle. At the limit, the jet will just touch the 
guide-surface, without any ])rossure being felt between them: and 
this condition is supjK)scd to be represented in II. If the nozzle 
is still further shortened, as in 111., the jet will not follow it; but 
will, if not modified by such actions as the "pickuig up" of the 
surrounding atmosi)here, keej) tiie sliajK^ siiown in II. 
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The drag of the surrounding atmosphere — whether of air or 
of steam, at rest (comparatively) — is eliminated by imagining the 
discharge to be into a perfect vacuum, of unlimited absorbing 
power. And the problem to be solved may therefore be stated as 
follows: 

Into what shape will the steam-jet naturally fall if the dis- 
charge is from the orifice into a perfect vacuum? — by '' orifice" 
is meant the entrance-portion AB of the complete nozzles shown 
in Figs. 54 and 55. Or, from the other point of view, what form 
is to be given to the flaring nozzle, beyond the choke, in order that 
it may just touch the jet, without pressure between them? 

(d) The Internal Force-actions are illustrated in Fig. 56, 
which shows an element of the jet included between two of the 
curved section-surfaces of Fig. 54 II., sepa- 
rated by the distance ds. This may be 
thought of as a portion of Fig. 55 II., en- 
larged. There are two force-actions to be 
considered, one along the stream-lines, or 
linear, the other at right angles to these 
lines, or transverse. 

In regard to the first, we note that the 
linear pressure Pl is uniform all over the sur- 
face of the element : but it decreases by the 
amount dp in the passage from one sur- 
face to the other, through the distance ds. 
This unbalanced pressure dp, upon the area 
a, is what accelerates lineally the mass of the element, whose 
volume is ads. 

At the center, where the stream-lines are straight, the trans- 
verse pressure pr, or the internal stress in the vapor, is the same 
as Pl- But passing from the center outward, we see that each 
stream-line is a little more curved than the one within it, so that 
there must be a continual increase in tlie centripetal accelerating 
force (the center toward which the acceleration is effected being 
the instantaneous center of curvature of the stream-line). Then 
in the free jet, pr drops, in a manner yet to be determined, from 
the full value pi, or pj at the center to zero at the circumference 
of the section. The meaning of the decrease of pr Is, that more 




Fig, 56. — Forces in an 
Element of the Jet. 
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the preceding conditions, consider Fig. 57, which shows another 
view of the thin cross-sectional divi- 
sion of Fig. 56. An annular element 
of this sUce, of the width dr at the 
mean radius r, will have the volume 
27zrdrdSf and the mass 



M = — drds; 
vg 



(134) 




where v is the specific volume of the 
steam in the jet at pj. Now the force Fig. 57.— A Sectional Element 
acting to accelerate this mass is the of the Jet. 

pressure-difference dp, acting outward over the Unear area 2;rrds 
of the ring, or 

F=27rrdpd8 (135) 

If the acceleration a, equivalent to force divided by mass, 
is to vary directly as the distance from the center, we have for its 
-determinmg equation 

(136) 






where h is an undertermined coefficient. 

Transforming (136), and integrating between the limits 
and r, or p^ and p, we get 



/ —vgdp= I brdr, 
Jpi Jo 



the first member of the equation having the minus sign because 
acceleration increases as pressure decreases. From this, 

'^{Vi-V) or vgf=ihr^; (137) 

which shows that the curve of 
pressure-drop, laid out on a radial 
6ase-line OA in Fig. 58, will be a 
parabola. 

Now when /=Pi, r=r^; and from 
B (137), 

Fig. 58. — Diagram of Pressure- h—0 ^^ 

variation. ^"-^^ri- • 

'i 




(138) 
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Substituting back in (136), we get the generul value 

fi=2iYrJi; * dm 

and for tiie acceleration of the nuter Rtreaiu-litie, where r^r,, 

(140) 






It m intert^ting to note that thia m tho mme accclemtion bm 
woultl he prcMluted if tht* whole mum of Uie elt^metJl wore ooiioen- 
trattHl in a ring at tlio outer i*i reumf<-*roncc, and a forw equal to 
/j or Pi per unit of area were to act upon it. The total force would 
1m% tHnitting the thickness- factor cte, mnce it would appear in both 
exprc^tonsj 

The volume is ?rr,\ and the masa 

Then 



«|-^-2t^' 



M 



(14()0 



It will l>o seen that the preee^ling discussion^ Iw^ginning with 
Fig, 57p iM only approxhnate, in that it uses the plaiitsseetinn fJe- 
riii-nt. Kitlirr at tin' alnivr nut Inn Is uf dcnvirur n \:ilM(' i>f Mir* 
acceleration coidd be applied to the true curved element; but it 
18 obvioiiH that the exact mathematics of the subject would be veiy 
complex. Since any actual nozzle will be far within the limit of 
Hpread, a good enough determination of this limit can be made by 
approximate methods, which will now be applied. 

(/) Phoftle of the Free Jet. — ^The primary equation upon 
which a determination of the shape of this curve must be based is 



^-2.^; 



the Hul)Hcripts being dropjied from pj and r^ of (140); from which 
we have 

r V 



R- 



2g pv' 



(142) 



To work along mathematical lines and establish an equation 
for the j(»t-profile, we should liave to follow the methods of § 25 (c), 
usin^ tho exponential formulas. From E([. (123), keeping n in 
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literal form, and dropping the factor 144 because p must be in 
pounds per square foot to give a consistent value in (135), we get 

''4;=„-^-[-(i)-]; 

and the substitution of this value of V in (142) gives 
From PiVj" =^, it is easy to get 



Whence 



R=rx 






or, for n = 1.135, and using Rp for p/pi, 



R=rXSAl 



f? .1189 



Table 27 A. Data for Jet-profile. 



(144) 



(145) 



Rp 


r 


m 


R 


Rp 


r 


m 


R 


.95 


1.446 


.051 


.074 


.35 


1.070 


1.118 


1.196 


.90 


1.239 


.106 


.131 


.30 


1.110 


1.285 


1.425 


.85 


1.140 


.164 


.187 


.25 


1.164 


1.508 


1.755 


.80 


1.080 


.226 


.244 


.20 


1.244 


1.775 


2.208 


.75 


1.043 


.293 


.306 


.16 


1.321 


2.075 


2.74 


.70 


1.022 


.364 


.372 


.13 


1.400 


2.308 


3.23 


.65 


1.008 


.442 


.446 


.10 


1.553 


2.648 


4.11 


.60 


1.001 


.526 


.527 


.08 


1.696 


2.942 


4.99 










.06 


1.877 


3.34 


6.27 


.575 


1.000 


.572 


.572 


.05 


2.000 


3.60 


7.20 










.04 


2.184 


3.92 


8.55 


.55 


1.001 


.620 


.621 


.03 


2.445 


4.35 


10.64 


.50 


1.008 


.722 


.728 


.02 


2.86 


4.98 


14.25 


.45 


1.021 


.838 


.855 


.01 


3.81 


6.13 


23.30 


.40 


1.041 


.967 


1.007 











To get a complete mathematical solution of the problem, it 
would be neces.sarv to find an expression for r in terms of p or 
Rp — which is easily enough derived, but is rather complex, as 
niiglit be gathered from (127). Having then expressions for the 
radius of curvature R and for the ordinate r or y of the curve, 
both in terms of p, it might be possible to deduce the equation: 
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but the process appears forbiddingly complicated, and an approxi- 
mate, graphical solution which suggests itself, based on Eq. (145) 
and our previous determination of r, is the only thing practically 
available. 

(g) Construction for Profile. — The numerical data for 
Fig. 59 are given in Table 27 A: r is the radius of the jetngection, 

in terms of the radius of the 
choke, r^, as unity, and is got 
by taking the square root of 
the ratio a/a^ in Table 26 A, 
Col. 4; m is all after r in (145), 
so that R=^rXm; and R is 
the radius of curvature, ex- 
pressed in the same terms as r, 
or by its ratio to r^. 

The curve in Fig. 59 I. is 
started at B, on the choke- 
radius, and is laid out in both 
directions, a short piece at a 
time : r is taken as the vertical 
ordinate from the center-line 
MN to the curve. The value 
of R for each interval corre- 
sponds with the r at the be- 
ginning of the interval: and the e volute EF, the locus of the center 
of curvature, is made a fair curve. It is evident from the reason- 
ing leading to Eq. (140') that the true value of r would, in length, 
lie between the perpendicular to the center-line MN, as here used, 
and a normal to the curve measured to this same center-Une; 
being rather nearer the latter. So that in this method there is a 
major error which makes the nozzle flare too rapidly: in other 
words, the curved cross-section according to Fig. 56, being larger 
than the plane section for a given point of t"he curve, would corre- 
spond to a lower pressure and to a longer radius R; so that the true 
curve would depart from the center-line less rapidly than does 
the one here drawn. 

With some graphical jugglery, the true curve could be closely 
approximated — one such that, if it were developed along a num- 
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B 
Fig. 59.— Profile of Free Jet. 
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ber of equally spaced stream-lines, then the curve through points 
on ihc^e lines at the same distance from the B-aeetion, or the pro- 
file* of a sectioTi of uiiifonn condition, would be at right angles to 
the stream-lines, meeting the recjuirement stated imder Fig. 54, 
But Fig. 59 L serves M^ell enough the useful purpose of showing 
that the free jet has a very vdde angle of flare; and any nozzle 
intended for actual use will be kept far \\ithm this limit* 

At IL is shown a curve of pressure-drop, on the developed 
profile BC as base. Before reiluction, the diameter of the throat 
in this figure was one inch; and the drop of pressure *from .57pi 
to .Qlp^ took place along about two inches of jet-profile. 

It is to be noted that, according to Eq. (144), nozzles of differ- 
ent size or capacity, but for the same ratio of pressures, will have 
geometrically similar profiles. 

(h) Profile with Partial Reductiqn, — By this rather indef- 
inite title is meant a jet-profile made up of iimer stream-lines of 
the free jet, or a sort of core of the free 
jet^ in which the transverse pressing lost 
in passing from the center to the rim 
of any cross-section is a constant fraction 
of tiie pressure at the center, or where 
the transverse acceleration of the outer 
stream m a constant fraction of that of the 
outer stream of a free jet. Thus in Fig. 
60 the radius R is taken ten times as great 
as that given m Table 27 A, or the accel- 
eration a is one^tenth of a^, comparing 
(139) antl (140). This means that the 
jet is the core of a free jet of ten times 
Its dianaeter (at the choke); and the loss 
of t^ans^■er^e pressure is only one per 
cent., as appears?^ when we sutetitute the 
value of fc in (137) and get 



f^TlPi- 



Fig. 60.=Profile for/ = Mp. 
,....., (146) 



which fa the equation of the curve AC in Fig. 58. 

Tliia profile is drawn by the same method as Fig. 59 L, and 
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the inherent error is much smaller with the slower expansion of 
the jet here shown. Of course, the expansion of the steam in the 
jet, or its drop in pressing along the axis, is just as rapid as in the 
large, enveloping, free jet. 

It must be understood that variation in transverse pressure is 
entirely a question of curvature of the profile, not of its inclination. 
After any direction of stream-travel has been established, it can 
be continued along a straight line, as in a conical nozzle, without 
the action of any free (unbalanced) guiding force. 

(i) Design op the Nozzle. — ^The first deduction to be made 
from Fig. 59 is in regard to the shape of the entrance. Noting 
that the value of R for Rp equal to 0.6 is about 0.5, by Table 27 A, 
we infer that the use of a radius half that of the hole, in " rounding 
the comer" of a hole drilled through a plate, ought to be enough 
to prevent the contraction of the jet sketched at Fig. 61 I., and 
secure the full discharge computed by Eq. (120), or by the more 
exact method of (129) with K^, 



\ 




IV. 



Fig. 61. — Nozzle Details. 



^ 



An orifice of this shape is shown at II. ; but while the jet will 
not leave the surface of the nozzle under this condition, it seems 
reasonable to believe that tliere will be a considerable amoimt of 
wasteful vortex-action in the initial formation of the jet; and that 
a lar<2:er radius, such as that in III., where R is 2r^ or the -diam- 
eter of the orifice, can be ])etter depended upon for complete energy- 
transformation. Practically, an approach-curve of uniform radius 
is preferable to the variable curve derived in Fi.2:s. 50 and 60. 

The proper shape for a nozzle which is to deliver its jet in 
parallel streams — the form sketched in Fi^. 44 — is shown m Fig. 
61 IV.: just beyond the throat the flare may be quite rapid; but 
the reverse curve whicli pives tlie outer streams a transverse accel- 
eration inward should be of ver\' loni: radius, even longer than 
' ^or hv Eq. (146). If the streams are too rapidly deflects 
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inward, there will be a strong crowding of the steam against the 
surface of the nozzle, with a resulting variation of pressure through- 
out the cross-section w^hich will have a tendency to produce cross- 
currents or eddies. Further;, the nozzle would have to be con- 
tinued in cylindrical form for some distance beyond the end of 
the curv^e in order to insure complete rectification of the stream- 
lines. 

The conical nozzle, Fig. 61 V., with a narrow angle of flare, is 
what is generally used in the steam-turbine; for the moving blades 
of the wheel receive the jet right at the mouth of the nozzle, so 
that the tendency of the stream-lines to separate has very little 
chance to become effective. In some cases — most usually, in fact 
— the nozzle has a rectangular cross-section, and is wedge-shaped; 
this differs from the cone as to the manner of area-change, but is 
-similar in that it delivers a diverging jet. The curve of pressure- 
drop along the axis, for the conical jet, is illustrated in Fig. 48. 
The determination of the ratio of thei diameter at the mouth 
to that at the throat is made by the methods of the preceding 
sections. 

(j) The Limit of the Simple Quantitative Treatment of 
the flow of steam is reached when we have found the shape of a 
nozzle in which the transformation of pressure-work into kinetic 
energy can take place with the least possible disturbance by sec- 
ondary, modifying actions. Down to the mouth of the properly 
formed nozzle, the effects of friction, of the shock of meeting of 
bodies of steam at different velocities, and of eddy-currents are 
relatively insignificant: beyond there, these disturbing influences 
become so much stronger that, while the principal action may be 
more or less approximately determined by, or predicted from, 
general considerations, it is only by experiment under actual 
conditions that correct or close results can be got. A general 
presentation of the character and of the effects of these disturbing 
influences will be given in the next section. . 

Failure to realize in the nozzle the full, possible kinetic energy 
of the jet will have a twofold effect; on the one hand, at a particu- 
lar pressure, the velocity of tlie current will be less, on the other 
hand, the specific volume will be greater, than in perfect action — 
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(a) BiecBABOB rwaif the OimcB.— Wlm the jet 
dheeUy from the orifiee, insteed <if bmag fapanilml in a 
nozzle down to the diadbarge praanve, the fttmMtitmm me 
what M eketdbed in Fig. a2. Tte eunooiMBag aUmM ph^ 
^ V ^ ally p rere nta aagr audi npU 

^ , ^^^"^ bjFig.». ImImkI tboe ii a 

^ /^ Z^^^""^^^^^^*^^^^''^ aort of piek-iq> action, whewbjr 
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are drawn into and ming^ with the atieama of the jet. IntUaactiQii 
energy is dissipated in two ways: toaomediipeethflve la a ahock- 
effect, wherein the impact of bodies of fluid with different v ei o c itks 
sets up, within these bodies and the suntmnding medium, a wave- 
motion analogous to, if not identical with, the usual aeouatie iribni- 
tion which gives the sensation of sound; bendes this, and diiefly, 
there is a rapid change from the direct, forward movement ci the 
whole jet to a whirling, churning motion of the divided streams; 
and the mechanical, kinetic energy, at first merdy dianged in 
resfXHft to tlie direction of motion, is presently re-ecmverted into 
heat OH these ed<]y-currents come to rest in the body of the sur- 
rounding atmosphere. 

Reference to Table 26 A will show that the velocity ci efilux 
from an orifice will l)e about 1400 ft. per sec., varsring but little 
with the initial pressure — this when the pressure on the discharge 
side is not al>ove that in the choke of the jet. With direct dis- 
charge, OS in Fig. 62, a part of the expansion-woric yet available 
at the choke-pressure p^, above p,, will be applied to increasing the 
velocity of the jet, or at least of the central part of it; but the 
effect of most of this work will be at once merged into the churning 
action at the surfaoe of the jet, where the dissipation of available 
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energy into the non-utilizabie form of heat at low temperature 
begins immediately. 

This mme action of entraining the surrounding fluid and of 
the fonnation of eddy-currents would take place if the jet were 
reduced to the pressure of the discharge, and given a higher velocity, 
by expaneion in a flaring nozzle; but with some difference in the 
quantitative relations, as appears when we turn to Table 24 A 
anii note the velocities, fimt for discharge at 15 lbs, aba., and 
then at 2 lbs. abs. 

(6) WiRE-DRAmNG,— When the whole energy of the jet is 
wasted in this way^ without any attempt to apply it mechanically, 
as when a throttling or reducing valve ia used for lowering the 
pressure of a current of steam, we have what is commonly called 
** wire-drawing ''^a name which originated in connection with the 
action of engine- valves in throttling currents of steam, as described 
in § 18 and § 19 (c). In this action as a whole, and barring radia- 
tion, no heat is lost from the steam: and since the heat-content of 
a certain weight of saturated steam decreases with the temperature 
{and pressure), according to Eq, (57), § 10, it follows that the 
excess of heat, in amoimt ,305 B*T.U, per pound and per degree, 
is set free from the duty of keeping the steam in the saturatetl 
condition. This heat can have two effects: if the steam was dry 
as well as saturated at the start, it will be superheated above the 
saturation temperature t^ corresponding to the lower pressure; 
but if a small amount of moisture was mixed with the steam, then 
the hot water will be evaporated. Of course, these two effects 
are usually mingled^ in varying proportions. If the steam was 
originally superheated through a certain range above t^, throttling 
will make the range above l^ greater. 

With steanx initjally saturated, the quantitative relations in 
this process are as follows: 

If we have steam at pj and fj, with (l-^xj of moisture, the 
heat-content above water at 32^ F., according to Eq. (54), is 
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(147) 



If, at p^. the temperature k that for saturation, or t^, then the 
original fraction of moisture was so great that the heat set free 
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The formula for friction-effect is similar to that for the flow of 
water in pipes: it is partly rational, partly altogether empirical. 
Put into the most convenient shape for application to steam, it is 

^^28;006^' ^^^^^ 

where 

p=Pi — P2=^^^ss of pressure from the entrance at pj to the 
exit at P2) i^ pounds per square inch; 

F= velocity of ciu-rent, in feet per second; 

rf=specific weight of steam, in poimds per cubic foot, at p^; 

L= length of pipe, in feet; 

Z)= diameter of pipe, in inches. 

The rational portion of the formula is derived as follows : 

A pipe of diameter D (here in feet) and length L will have an 
inner surface S=nDL square feet: if the resistance to the motion 
of the fluid over this surface can be expressed as a force / per sq. 
ft., which seems reasonable, then the work done in moving the 
whole column of steam in the pipe through a distance of one foot 
is jS ft .-lbs.; and the work per second, with velocity F, is TF = 
fSV ft. -lbs. To overcome this resistance, we have the unbalanced 
pressure 144p, on the area A =;rDV4, acting through the distance 
1' ft. in one second, and doing the work W = \AApAV\ equating 
this with jSV and substituting the pipe-dimensions, we get 

;r/Z)L=36;rpZ)^ 
whence 

poc/^ (156) 

It is the value of the resistance / that is purely empirical: it 
has been found by experience to vary as the square of the velocity 
and as the density of the fluid : but if thfe loss of pressure is expressed 
in **head," or in height of steam-column having a weight equiva- 
lent to p pounds per square inch on its base, then d goes with 
p into the expression for the head H, and we get the usual 
Hydraulic formula. 

Of course, all the numerical constants involved are combined 
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between a smaller and less expensive pipe, with large pressure- 
drop, and a larger and costlier pipe, with greater radiating surface. 
The problem is essentially one to be solved by trial, and the common 
rule given at the beginning of this article — make V equal 5000 to 
6000 ft. per min. — is this practical solution. Thermally, since the 
heat of formation rises very slowly with the pressure, it might 
pay better to nm the boiler at a pressure well above that desired 
at the engine, and force the steam through a small pipe at high 
speed; but this advantage is balanced by the greater weight and 
cost of a stronger boiler. To reduce the loss by bends, it is now 
usual in the best practice to make long, easy curv^es, either with 
special cast-iron fittings, or by bending the pipe : the latter method 
has the additional advantage of giving greater flexibility for expan- 
sion and contraction under change of temperature. 

Example 1. — A steam-pipe is 6 ins. in diameter, 75 ft. long from boiler 
to engine, and has six elbows and one globe-valve ; the pressure at the 
boiler is 100 lbs. abs., and the velocity of flow is 83 ft. per sec: what 
pressure is likely to be lost from boiler to steam-chest? 

If F =80, the entrance-loss will be about 100 X. 003 -.3 lb. 

Six elbows + one valve = 7.5 elbows; each is equal to 20 ft. of pipe, 
and all together equal 150 ft.: adding this to the actual 75 ft., we get 
L-225: from the Steam-table, rf = .2275: then in (155), 

6400 X. 2275X225 , ^_^ 

V = •= 1.95 lbs. 

^ 28000X6 

And the total loss would be 2.25 lbs. 

(d) The Separation of Water. — ^An important fact in con- 
nection with flow in pipes is that if the current is a mixture of 
steam and water, there is a strong tendency for the two fluids to 
separate, simply on account of difference in density. If the water 
is small in amount, say not more than three per cent, by weight, 
it will probably remain well diffused, if the current is rapid and 
an occasional bend keeps it stirred up. In a long, straight, hori- 
zontal pipe, even a very small proportion of water is likely to 
settle to the bottom of the current. 

At a bend, the lighter streams of steam change direction much 
more readily than the denser particles of water: and this fact is 
the basis of the action of the steam-separator, which, besides making 
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the current turn one or two sharp corners so as to throw out the 
water, provides a quiet resting-place where this water can collect, 
without being picked up again by the steam, as it must be in a 
pipe. A good separator will take out all but a very minute frac- 
tion of the moisture in a current of steam. 

(e) The Extended Nozzle. — In (a) we considered the two 
cases of discharge from an orifice and from a properly designed 
nozzle — one which has just the degree of expansion needed to 
reduce the pressure in the jet at its mouth to that in the discharge- 
chamber. Suppose now that the nozzle, conical in form as the 
simplest case, is extended bej'ond the proper length: then the 
action of the jet will be somewhat as indicated in Fig. 63, by the 

pressure-curve at II. The steam 
expands in the nozzle to a pres- 
sure well below that of the dis- 
charge, then rises to the latter in 
the manner shown by the curve. 
This rise in j)reasure means that 
th(; steam is compressed, and the 
current retarded, with loss of me- 
chanical energ}^ through re-con- 
version into heat : but the action 
is too complex and contains too 
many uncertain elements for 
mathematical treatment. 

The arrangement of apparatus 
for experiment upon steam-jets is indicated in Fig. 63 1., the 
essential elenicut being the exploring-tube T, which has a small 
hole drilled across it, is closed at the right-hand end, and at the 
loft passes out through a stufTmg-box and is fastened to a screw- 
device wlierebv the hole can be brought to any definite point 
along tlie axis of the nozzle. The outer end of the tube is con- 
nected to an accurate pressure-gage; and from the positions of 
the tube and the readings of the gage, curves like that in II. can 
be plotte<l. 

Fig. 64 is a diagram reproduced from Stodola^s "Steam Tur- 
bines/' and shows the results of a series of tests conducted along 
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Fig. 63— The Extended Nozzle. 
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the lines just indicated. The terminal pressure was regulated 
by a valve between the discharge-chamber and the condenser. 
Several of the ciuves show a very abrupt rise, after the minimum 




Fig. 04. — Cunes of Pressure- variation. 

pressure has been reached, as if caused by the shock of meeting 
of two bodies of steam at difTerent velocities; and at the lower 
pressures there appears to be an incipient formation of acoustic 
vibrations. There is no self-suggestive law of relation between 
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the initial, the lowest, and the final 
that a large number of experimenta, 
would ha\'e to be made before auch a kw 
Stodola gives other diagrams of this sort, ior 
nozzle; and develops a considerable amoant of 1 
ular aotiouH beyond the simple noizle: and the i 
to his work for a fuller treatment of the 
complex motions of steam-currents. 

(/) J KT- ACTION Rkversed. — In the retaidatkxt with. !■» o 
pressure shown in Fig^. 63 and 64, there is a re^eaavcBBoa. of me 
chanical cnerg>' fn>ni the kinetic f<»m to that of ststie p i Miiiw 
energy : this is efTectcd through a compresflioa of the aTfin, whid 
is adialmtic; so far a^ concerns the reception of heat bam, without 
but is modified by the heat-equivalent of all the mecfaankal cneqg 
lost. In simple theor>', barring friction, radiatioo, and aJdy- 
action, it ought to I)C possible to reverse comfdetely the ( 
pro(*oss which foniis the jet. and, by gradually retardini^ the « 
in a suitably fonned nozzle, to restore the steam to its oc^dnal 
state. Practically, only a certain fraction of restontioa can be 
realize<l. 

This means that in onler to compress by a jet, or to Efk Said 
from a 1o\v(t to a hijrh(T pressure by transforming energy of velocity 
into enerjry of pressure, a considerably greater velocity must be 
given to tlie jet at the low pressure than it would gain in an expan- 
sion or drop from the hi|rher to the lower pressure. Just what 
will 1k^ the efficiency of the opt^mtion in any case can be fouztd 
only hy trial; or mi^ht Ix^ predicted I)y close analysis of the pro- 
pi^rtions and of the i)erforinancc of apparatiis which has been 
develo|XHl by ex|x»rience into successful working. But there 
seems to Ix) very little precise information generally available on 
this subject. 

It is in the steam-blower and the injector, in the rotarj' fan and 
the centrifugal pump, that this principle of action is applied. 
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§ 29. Applications of the Steam-jet. 

(a) The Throttling Calorimeter. — ^This name is given to 
an instrument based on the principles set forth in § 28 (6), whereby 
the fraction of moist- 
ure in a sample of ^^^ ^^^ t| 
steam can be deter- 
mined. One form of 
this '* calorimeter" is 
outlined in Fig. 65. 
The sample is drawn 
from the steam-main S 
through the perforated 
pipe P and the valve V 
(which is wide open 
when the instrument 
is working), into the 
chamber C, where the 




Fig. 65.— Throttling Calorimeter. 



temperature f^ is read: it then passes through the small orifice at O 
into the low-pressure chamber L, here open to the air, and the 
temperature is read at ^j. In this particular case, ^0=212®, and 
(154) becomes 



.305(^^-212)-. 48(^3-212) 



(158) 



The limit of effective working of the throttling calorimeter, 
for the case of exhaust into the atmosphere, is given in Table 29 A; 
where, for different values of pj, the following quantities are tabu- 
lated: 
Pj= initial pressure, pounds per square inch above atmosphere (by 

ga^e); 
fcj = .305(^1—212) ^available excess heat in one pound of dry 
saturated steam at Pi, above similar steam at 212°; 
mio=A|-4-ri=fraction of initial moisture which can be just all 
evaporated by Aj, or which will make mo = (l— Xo)=0 in 
(152); 
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^=fci-!-0.48=number of degrees of superheat after throttling to 
atmospheric pressure, if the steam was originally dry, or 
if mj was zero; 
<^=f8+212°=temperature of superheated steam at p^ = H.7 abs., 
for mj =0. 
It will be noted that both terms in the numerator of (154) or 
(158), namely .305(^i — ^ and .48(^— ^o), are quantities of heat, 
e:fpressed in B.T.U. 

Table 29 A. Limit of Throttling-effect. 
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47.3 


259.3 



(b) Correction for Radiation. — ^The calorimeter is, of course, 
well covered with non-conducting material ; but it has considerable 
surface in comparison with the small amount of steam passing 
through it, so that it must be calibrated for radiation-effect. To 
find what correction must be made in the indications of the instru- 
ment, it is tested with dry steam; which may be drawn from 
the steam-pipe near the boiler at a time when the current is flow- 
ing so slowly that there is sure to be no priming or can be got from 
a good steam-separator, suitably arranged. Any moisture shown 
under this condition is to be charged to the instrument, and de- 
ducted from the gross result got in a working-test. A modification 
of the method of (158), very convenient of apphcation in this 
connection, is as follows: 
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I^t ^=.305(^1-212) as above, and A, = .48(^^-212); then 
if m|=0, ^ will have the value ^ given in Table 29 A; and the 
effect of initial moisture in the steam is to diminish A, from its 
maximum value h^=^\, or to lower the discharge temperature 
from t^ to ^. What the calorimeter actually measures is this 
heat /ij, in the discharged steam over and above the saturation- 
content. As the initial moisture increases, A, drops farther below 
Ajo; and m^ can be got by the relation 

^JrrzK^ mt^-Q .jgg^ 

Now the effect of radiation is to make either the heat-deficiency 
*=(^2o-^)» or the temperature-drop ^ = (^-^2)* greater than 
it ought to be: and by the calibration-test above described this 
extra-effect due to radiation, either Ar in B.T.U. or tj. in degrees, 
can be found. If t^ and An were the particular values of ^ and A, 
in the radiation-test (with dry steam), then 

<r = (^-0 and hr^(h^-hn); . .' . . (160) 

and when these have been found and recorded, we correct (159) by 
subtraction, getting 



It is even more direct to use t^, equal to (^— t), as found by 
experiment, in the formula 

v^,^-^^'^ (162) 

This actual lower temperature with initially dry steam, (a, is 
sometimes called the normal temperature of the calorimeter. It 
is more convenient, however, to get the value oftr or hr by calcu- 
lation; because this correction will be applicable over a wide 
range of steam-pressure, since the initial temperature, upon which 
the rate of radiation depends, does not greatly change with the 
pressure. 
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(c) Ranok and Aocuract op TBS CAunaiCBnER.— Table 2Bi 
fhows that as Pi ifl lower the effective range of the tlmttliiig cik 
rimeter if* lees. But if the instniment ia eotinected so aa to <& 
charge into a vacuum condenser, thereby lowering i^ it can fa 
used on quite wet steam of low pressure, as even, perhaps, o 
the exhaust from a non-condensing en^ne. But in this ananp 
mcnt the pressure p^ which determines i^ must be veiy aeeuratd 
measured, because the temperature varies so rapidly with th 
prcsmurc when the latter is low, as shown by curve I. cm Fig. 21 
And with the usual condition of atmospheric discharge, nadim 
of the barometer is essential to hig^ accuracy; aa is also, in air 
caM?, the calibration of the thermoroetere. It is to be noted 
liowc^vor, that the upper thermometer can be refdaoed by a piea 
Hun^-gage, if desired: and that if the method of (161) is used 
with tho Hatno thennometer for t, in both radiation test and stesn 
t(*Ht. tlioii the absolute correctness of this thermometer ia ci littk 
itiifxirtaiK^o, oh only the difference between readings is inwdved. 

( >nlinary '' chemical'' thermometers, 12 to 15 inches long witl 
a ^radiiatiou up to alK)ut 400^ F., and with only about 3 incha 
of t hcMf lon^h iinniorRcd in the oil or mercury in the thermometer 
rii)). will luivo a considerable error in their readings on account 
of \]\i* rt'lativrly low toinperaturc of the exposed stem and of the 
tlirrad of tiKTcury ii)si<lc it. For usual steam-temperatures, the 
n»n<Iiii^: will 1h' from 'J^ to 5*^ low, increasing with the difference 
lM»twcMMi I 111* lomiMTatim* iiunusurcd and that of the air, and with 
tlir Irn^tli of iiuTrury roluinii exposed above the cup. So that 
tluTinoiiM'tcrs for us( with Ktoam should be calibrated under actual 
conditions, in n'^iilar ciii>s immersed in steam; an acciuate pres- 
stiri'-^a^o. with tho /-column of the Steam-table, furnishing a satis- 
factory standard. 

Accuracy in the dotonnination of moisture by throttling depends 
u)H)n the corn'ctncss of the constant 0.48, the specific heat of 
sn|H*rhcat(Ml steam under constant pressure. This was found by 
UcK^iHtilt for atmoHpheric pressure, from experiments far less 
pHMMse than those which he made on saturated steam. The inher- 
ent diflioultics in the detcnnination are great, but experiments 
inaile in the last few yean, while not yielding very consistent 
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results, or establishing any law even approximately, show that 
the specific heat increases with the temperature. It appears to 
start at 212° F. with a value of about 0.40, and increase pretty 
rapidly at first, then more slowly at high temperatures. For the 
range in the calorimeter, 0.48 seems to be a very proper value, the 
best results varying from 0.4 to 0.5. Fuller information in regard 
to this specific heat will be found in the Appendix. 

Example 1. — In the calibration test of a throttling calorimeter with 
open exhaust, the mean observations were pj- 105.6 lbs. by gage, 
li -337.6°, ^, = 287.5^ 

Using the temperatures as read, 

^1 -.305(337.6- 212) -38.31 B.T.U.. 
is - 38.31 ^ .48 = 79.7°, and ^ - 291.7^. 
The ^2 here read is also tn : then 
fr -291.7- 287.5 -4.2°, 
^r=4.2X.48 = 2.02B.T.U. 
According to the pressure-gage, t^ should be 341.2, so that the upper 
thermometer reads 3.6° low; this would change h^ to 39.41 and ^ to 
294.1°: but ^ would have almost as great an error on account of incom- 
plete immersion as ^i, so that the value of tr from corrected temperatures 
would be nearly the same as that from the actual readings. 

Example 2. — In a steam test with the above calorimeter, the read- 
ings were ^ -325.3°, ^ =232.7°; then, using these actual temperatures, 
Ai -.305X113.3 -34.56, 
Aj -.48X20.7 -9.94, 
r^ -884.5; 
and by (161), 

34.56-9.94-2.02 22.6 ^_ 
^ 884:5 ^884:5"-^^- 

The error caused by using uncorrected temperatiu-es will be 
greater in this case than in the preceding, because ij is lower, and 
the thermometer will be nearer the true temperature. But it 
appears that, for all practical purposes, it is sufficiently accurate 
to use the actual readings of the thermometers, provided that the 
latter are reasonably correct and show up practically the same 
in a comparison test, either against each other or against a good 
standard thermometer with the same degree of immersion. 
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(d) Ti!E SEPAiiAT(m Cai/)Himktku. — The principle of the 
3teaiu-s('I)urator is applied in another iiistniinent .for lietcniiininc 
the (]iiality of siteam, which may Ije iise*l a$ an 
alternative to, or in eonihi nation with, the throt- 
tliii!^ ralorinieter. In the fonn sliown in Fi^. 66, 
it is intoniletl to l)C coupleil in on the high-pres- 
Burvt M«le of the throttler of Fip. 65, at the union 
r, when the steam is t(K) wet fi>r the first instni- 
ineiit — which Ls sliown by ^ drfipping ahnost to 
/„. .say within five (le«at>es. This combination con- 
.stitutes tlie older fonn. of the Harms Tni verbal 
Cidoriiiieter; the separator is intended to take 
out nearly all the moisture from the sample, 
jicinliiij: almost «lry steam over to the thK»tiltT. 
The drain-valve D is n*«:ulatCHl so as to k«t'p 
i:Hnr(:ilovim.n.r. ,|j,. ^^..j^,.,. j„ ^|,(. chamUT C at a certain lc\r!. 

will lirlnw tin' Miniitlj of tlie iiilet-pi|K* P; and the water esrajK^ 
inin :i \r-M"l partly iilli-d with cool water, or through a cooling- 
Cful. arhl is \vrit»liril. 

ir s, wiML^it of strain dischar<:eil in a ^iven time, and .%== 
wri-'hl «»f watrr srp;ir:ttc. 1 lh(Mi. very siirtply. 




><']):i- 



iKm) 



'I"lir :i.i-.| ..r !i..;iiir:::' .■ . |.y ••.ni- irn-iiiir an«l w<^;:liini: fur sure 
!r III! . I .1 [...11,1 ..r [ii.ici ,<:,1 ::ii'()ii\riiiriir<': whii'h can. htjwcvcr, 
I.I . h:iiiii.iii-i I--, t :i!i,.;,i-.; /i:iL' i!m' nr'licr throiijih wliieh tiie steam 

• r;i|..- . |.\ i:n ;iii i il" M .>-t::i^ < m" r:i | i 1 iTal joFl tCStS. 

I hr i.i'li.ii Kni N- : i.ir till- r;,|(n-iiiirtcr coiisists in supplyimr dn' 
:r.im ;iti.l rrnr- lin-.\ r.i ' wairr collects; if this rate is express<»ii 
.1 ., |><iiiii<l fM-i- I Mini-. :ni.l tin- otlnT <iiiarititie8 put in terms of 
i|.i .,!i,.- j.ri ;.!.!. I In- r..rn'ctr<l n'suU will l)e 



m, 



riCil) 



It h;js iM'cri foinul !)y exjxTi<'nc«' tliat the steam <leliv('re<l hy 
the separator is «o nearly dr}' tliat tliis instrument can ]»e \i>ccl 
idoiie iw an independent and self-contained apparatus. And in a 
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later form of the combined calorimeter, the separator is placed on 
the discharge side of the throttler, to take out any water not 
evaporated on account of wire-drawing down to atmospheric 
pressure, but coming into action only when the steam is quite wet. 

When both parts of the apparatus shown in Figs. 65 and 66 are 
used together, the separator giving the moisture TWa according to 
(163j or (164), and the throttler showing rwb from (159) or (161), 
the total fraction vi^ is the sum of these two indications: the 
small error due to the fact that ma is a fraction of s^-^-s^, while 
mb is based on s^ alone, is entirely negligible. 

(e) Pick-up Apparatus. — Under this title are comprised the 
steam-blower and the injector — a type of apparatus for doing work 
by means of the expansive energ>' of steam which is, mechanically, 
the simplest known, in that it has really no machine parts at all. 
Nevertheless it comes under the general definition of the steam- 
engine, and will therefore be briefly described and discussed. 

The principle of action has already been partially enunciated, 
in § 28 (/). The jet, more or loss perfectly formed, escapes into 
a chamber filled and suppUed with the substance to be moved 
(air or water); there it picks up or entrains a certain amount of 
this substance, forming a mixed jet of greater weight but much 
smaller velocity; and then this resultant jet is discharged through 
a suitable retarding nozzle against a pressure higher than that 
at the mixing point. 

All devices of this class are ver}' inefficient as machines, judged 
by the criterion of the ratio of work got out to work put in. There 
are large wastes of kinetic energy' in the mixing operation, and in 
the retardation of the current against rising pressure there are 
further losses of effect. Besides, to insure dehvery, the discharged 
jet must have a very considerable residual velocity and energ>', 
which is necessarily dissipated into heat as it comes to rest. . 

(/) Steam-blowers, used for producing draft for boiler-furnaces, 
are of two types. The first is the exhaust-jet of the locomotive, 
in which the whole body of steam used by the engine mixes with 
the products of combustion, drawing them into an enlarged jet 
which is expelled up the smoke-stack. These gases, coming from 
the boiler-tubes into the smoke-box, are at a temperature much 
above that of the exhaust steam : consequently the steam is not 
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routlenaetlf but is rather dried and superheaterl, and we have the 
nv^ of twf) rr&Hr!8 mixinp:. An example from recent practice is 
oiitliiK^l in Fi^. H7. a gorxl deal of non-essential detail being slumd 
fiv^T or omitted altogether in the drawing; especially the spark- 
arrcstiii^r Hcrec!nfl, which «er\'e also to break the force of the current 
frnm t!if tulK-s into the space above the exhaust-nozzle N", and to 





• •7 L(><()iin»ii\(' Sinnlvp-liox Fk;. (>S. KorctMl-draft liluwer. 

• Irllrci tln' L^rc.'itrr part of it «lown\vanl, so tliat the jot draws mostly 
irmii Im'Iow. This is from i\ larjzc locoinotivo, where the stack 
lia In lie let ( !n\vii i?it n t li(» siii<»k('-l >o\ : and a doail spacc is left abovc 
I lir hori/niital part ilinn P. 

Thr siM'ond type «»f l)l<)\vtT is illustratCMl by the example in 
I !•/ r»S wluTPa small jt't of hiixli-prossiiro steam is usotl for m(»vin2 
a 'irram of air n'lativ(»ly mnrli larjjtT than that in the locomotive 
(a^ rt»mpan*d with the weight of the steam), hut against a much 
MHiallrr n»sistance. I'urtluT, air of onlinary t(»iMjx*raturo is drawn 
iut<» this l»iow(T. so that tlic steam will ho partly condensed in the 
fonimtiou of the mixi^l jet -tlie action aj^proadiin^ that of the 
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injector in this respect. Note how the entering air is split up into 
several concentric divisions, with the intention of reducing the 
eddy-loss during the mixing operation. 

The following example, worked out with assumed values of the 
data, will show the metho<l of computing the efficiency of this 
sort of apparatus in actual operation, and will give some idea of its 
probable value for the first type: 

Example 3. — In a locomotive boiler, 1 lb. of coal will evaporate 

about 6 lbs. of water, and the gaseous products from 1 lb. of coal wiXL 

weigh about 18 lbs., so that there will be 3 lbs. of gas to 1 lb. of exhaust 

steam. We will assume that the mixture of hot gas and superheated 

steam will have a temperature of 400° F. ; and that the gas alone has 

the same density as pure air. For air at 400°, disregarding the small 

variation from atmospheric pressure in the smoke-box, the specific 

volume would be, by Eq. (8), 

860 
v -12.4X^-21. 7 cu. ft. 

And for steam, which measures 26.6 cu. ft. per lb. when saturated at 

212°, we get the increase due to superheating up to 400° to be, from (63), 

p(v-s) -.65X188. 

.65X188 __ . 
1— s - — T— — =8.3 cu. ft., 

wh?nce v- 26.6 +8.3 =34.9 cu. ft.; which satisfies the frequently given 
rough relation that steam is five-eighths as heavy as air of the same 
pressure and temperature. 

The total volume discharge through the stack, per pound of steam, 
is then just 100 cu. ft.; and the resistance overcome is the pressure-' 
difference, or the vacuum in the smoke-box, which we shall take to 
be equivalent to 4 ins. of water-column. One foot of water-column 
equals 62.4 lbs. per sq. ft., so that we have here a resistance of 20.8 lbs. 
per sq. ft.; and the work done in expulsion will be 100X20.8-2080 F.P. 

Now the steam was expelled from the cylinder and forced through 
the nozzle by the back-pressure upon the piston, over and above the 
atmosphere, together \rith the available work of the uncompleted ex- 
pansion, represented by the triangle CHD in Fig. 29; this may easily 
amount to 4 lbs. per sq. in. through the whole steam-volume; and 
taking the latter to be 24 cu. ft., to allow for the condensation due to 
work done in the cylinder, we get 

4X144X24 = 13,820 F.P. 
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as the energy of the steam-jet per pound of steam. Then the mechan- 
ical efficiency of the apparatus is 

^ = 13:820 •^^^- 
Referring forward to Eq. (167), which applies equally well to this 
case, we find the limit of efficiency in the entraining oi)eration, "with' 
the above data, to be about 25 per cent., the other 75 per cent, of the 
jet-energy being necessarily changed into heat. 

(g) The Ixjkctoh. — ^The simplest type of this apparatus is 
outlined in Fig. 69, where, as in Figs. 65 and 66, all structural 
detail is omitted, and only the essential fonn is shown. Steam 
from the boiler enters at S, and its admission to the nozzle is con- 
trolled l)v t\\Q Jiaiid-rcgulated valve W To start the injector, 
this valve is opened a little way, and the steam-jet at first draws 
out air from the water-chamber W and from the water-pipe, 
until tlie vacuum is sufficient to lift the water; as soon as the flow 
of water is established, steam is turned on full, and the mixed jet^ 
formed by condensation of the steam in the tube T, all reduced 




Via. GO. — The Simple Injector, 
to water by the tune it gets to the choke C, and then slowed up in 
the retarder R, develops enough i)ressure to open the check-valve 
K and fc^rce itself into the boiler. The overflow F permits the 
escape of the mixed steam and air at the start, and of the first 
water, which is propelled by a jet of steam too weak for the regular 
discharge. This overflow is located at a part of the tube where 
the pressure in the jet is less than that of the atmosphere, in normal 
running; an<l the automatic check-valve at F prevents air from 
getting in to spoil the vacuum. 

The rate of delivery of an injector can be varied over a consider- 
able range — in some cases from full capacity to as little as 40 per 
cent, of this rate. In the simple form, this regulation is made 
chiefly by chokuig down the current of water in the suction-pipe; 
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miething can be done by diminishing the supply of steam; but 

tliisj is cut down very inuchj the jet may become too weak for 

pulsion, and the injector will '*kick back/' 

(/i) Toe Compound Injkctoe. — ^The injector with only one 

ube is not very sure in its action if the siipply-water must be 

iftal through anv considerable hei|[ht: to overcome this difficulty, 

m working Jets are used, one for suction, the other for forcing. 

he general arrangenxent and the form and dimensions of the 

working parts of the injector ontlineiLl in Fig. 70 are copied from 

,n aetual design, the ** Metropolitan*': but besides the omission 

of details of constrnction and the mere indicatioTi of such parts 

as stuffing-boxes, some of the essential parts arc transposed from 

their regular positions, so as to make a clearer illustrative drawing. 




^i Fig. 70.— The Double-tube Injector, 

The stems of the two valves V\ and Y^ are rigidly connected 
by external sitle-bars, so that they must move together, and are 
controller 1 by a suitable le\'er-handle at the left. When the in- 
jector is idle these are pushed over to the right ao that both steam- 
ralves, Vi anil Vj, will Im? closed and the overflow V^ wide open. 
To start, the handle is drawn back just a little, bringing the lifting- 
ive V^ into the position shown at A, and admitting a small amount 
rf steaTTi throngh the chamber S^ to the lifting-nozxle N,^ so as to 
tablish the suction. The piston P keeps the nozzle Ng shut off, 
not only during this preliminary mimission of steam, but also 
imtil Yj has l>eeu given quite a movement. In fact, Vj is not 
essential to the working of the apparatus, but is rather designed 




202 THE DYNAMICS OF STEAM. [Chap. V. 

to equalize the pressure on the two sides of V, before this larger 
valve is moved, so that there will be no great resistance offered 
to the moving of the handle. In order to insure prompt filling of the 
whole injector with water at the start, the overflow is put on the 
discharge-chamber W,; and the passage through the forcing-tube 
T2 is supplemented by the check-valve \\. 

As soon as a good stream of water appears at the overflow, 
the handle is pulled all the way back, giving full admission past 
the main valve V, to the steam-chamber, and closing the over- 
flow: in the drawing, the injector is not quite wide open, and 
there w^ould be some waste of water through the overflow- valve. 
The small valve V5, at the lifting-nozzle, is not intended ever to 
be closed, but is adjusted by hand so as to regulate the rate of 
delivery by varying the amount of water supplied to the forcing- 
tube. 

{{.) Theory of the Ixjector. — ^The mechanics of the mixing 
or entraining operation, in which the greater part of the wasted 
energ\' disappears, is as follows: 

If a small body moving at a high speed impinges upon a largei^ 
body moving slowly, but in the same direction, the sum of th^ 
momenta, or of the several mass X velocity products, will be th^ 
same before, during, and after the impact. If the bodies are non — 
elastic, they will move together after impact, and there will hav^ 
been a loss of kinetic energj- : for if 

M,\\ + M,\\=(M,-^M,)V, .... (165) 
then will 

To prove this, change E2 = (Mi-{-M2)V^ to \f _l.\/ ^ > ^^^^ 

subtract this from Ei=M^\\' + M2\ 2^: after reiluction. we find 
the difference to be 

i^.-£,=7^^^^^^;(V'.'-VV) (166) 

With elastic solid bodies, there is a relx)und after impact, in 
which most of the cnerg>' that has been used up in compression is 
restored ; with fluids, mingling together, any such action is impossi- 
ble, and Eq. (166) therefore applies to the operation under con- 
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fiideration. We let Mi stand for the steam and M2 for the sub- 
stance moved, which might be called the "load"; usually the 
initial velocity and energy of the latter is so small as to be practi- 
cally negligible; and dropping Fj^ iTom (166) we get 

In the injector, a usual working proportion is about 12 lbs. of 
water to 1 lb. of steam; and under this condition, the wasted 
energy will be |f and the effective energy only -,V of that in the 
steam-jet. The latter may have a velocity of from 2400 to 3000 ft. 
per sec, and a kinetic energ>' of 90,000 to 140,000 F.P. per pound 
of steam (see Table 26 A), varying with both the boiler-pressure 
and that at the mouth of the steam-nozzle. Disregarding F, in 
(165), we find, approximately, 



and similarly 



V 
V = -^ =665 to 830 ft. per sec. 

£3=^=7000 to 11000 F.P. 



All the wasted energ}% E^—E^, is changed back into heat. 

The question as to the pressure against which the injector will 
discharge is answered by first finding the velocity due to overflow 
under the effective boiler-pressure, the difference between the 
absolute boiler-pressure Pi (plus resistance of pipe and valves) 
and the suction-pressure at the injector. Velocity is got most 
conveniently by the hydraulic formula 

7=V2^ (168) 

To find the effective head A, we divide the boiler-pressure above 
atmosphere by .427=61.5^-144 (using 61.5 instead of 62.4 for the 
weight of 1 cu. ft. of water in order to take account of the tempera- 
ture of water as usually discharged from an injector) ; and add to 
this the suction-head, measured up to the injector, and considered 
negative if the supply is drawn from an elevated tank. 

Suppose, for instance, that the boiler-pressure is 180 lbs. by 
gage, and that the water is lifted 10 ft.: then 180 -7- .427 =422 ft.; 
adding the 10 ft. and substituting in (168), we get 
V =^64.32 X 432 = 166.6 ft. per sec. 
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Th«* wal€r*}el must have a velocity cotisicierably greitcr than tbii, 
because of tlu^ Umm of euerg}' in the rotarvitiiic operation : btii it 
appears that there is a mtle margin between the two Umit* of 
vt^locnly— thai I**, Unween the pre^tait velocity that eoidd tmt 
from the niixiDg opemtion, and the kmt velocity t^iat coold pro 
duce the deBireii preasttre of di^ehai]^. 

In making a teaft of the wurking of hb mjectCH^, it i« noceiatry 
10 measuri* only the water drawn in and to rea*l the t^mpefatuptcrt 
the J'upply and of the di^rharge, Ix^idej^ knowing the pmrna^aui 
the quality of the steam. The energy that ia effectively ap|4ied 
tt> the work t4 punipitig m relativi^ly svi small that it ran be nested 
in the heat*equaiion by which we determine the amount of ftUmsL 
For tlim et [nation t we afi^unie that all the heat given off by 1 lb. 
ut steam ab»ve the dif^charge t^nnpcrature /, is taken up liy is 
poundB of water m lieing raised from its original t<*m|XTaturc ^ 
t/> /j. The t4>ta! heat of the ^tcam, above 32**, being found is 
Q -//, -m/j, we have 

(?,-(^-32)-irf/,-g. ...... (169) 

An example will make clear the relatiunji involved and the method 
of getting re»alte» 

ExAMPLK 4.— An tnjertor supplied mxh steam at 94.5 W-m. hy pijge, 
with 2.6 per rent, of mowlitre. ciraws waU-f at the rate of 3240 ftw. per 
hour, showing tlie temijemtunv /o*72.fl% li,^15ftJ°: the oupply b 
16 ft. below the injrelor, ntid the diseharee pmilirp is 0^,2 Hw. per sq. 
In. by gage. Utm iiiurh ^teani doe^ it wm, and what i« its effeetlv'e 
the rn iodyu am i <? jx^rf t^rinan i-c 7 

For this* steam, at 100.2 Ihi, aha*, 

0,-llS3.8" .026X87^4 
-1183.8-23-0 - UMS H.a 



Then by (1&9) 



w-^ 



limS- 124,3 1036.5 



-12.3a 



150.3-72,6 83.7 
Dividing the totJil wiiter-wt!ight IF -3240 by this ratio, we get tim 
Bteam i>er hour to Ijo 

S - 32404- 1 2M - 262 lbs. 

For tlio iiieehanieal perforniftncej we have the effet^tivu work of 
foreing 3240 +261) -3lKJ() lbs. of water, at fil.O \lm \^t ru, ft,, ^^fiimi a 
total pressure of 94.5 + ( Hi -^ 2.31) -10L4 Ihs. per sq. in. Botvini in 



i 




ri^COl 



APPUCATIOXS OF THE STEAM^ET. 



205 



as of work per pound of steam ratlier tlian by the hour, and by 

presmire volume method, we get 

13 3S 
Pr-144X10L4X^^-5802X.220 

-1276RRorL64ILU 
'that out of a total heat-supply of 1160.8" 40.6 « 1120.2 BXU. 
Imated above the temperature of the cold feed-water), only 1.64 
S.T.U. m effectively transformed; and the absolute efficiency has the 
lidiculonsly low^^alue 

1.64 



E~ 



U20 



^ ,00146. 



uia 



(/) Range of the Injector.— In the matter of dischargo- 
;>Tessure, it is possible, by suitiibly proportioning the steam-nozzle 
ind the inlet to the mbdng-tube, to have tlua pressure far above 
that of the steam, even using the exhaust from a non-condensing 
aigine to feed the boiler. In this ease the water pumped per 
lund of steam will be relatively small, because the energy of the 
gt earn- jet is smaD; consequently the supply-water must be cold, 
so that the steam will be condensed witliout making the find 
temperature too liigh. Further, the fact that this temperature 
must be high precludes the lifting of the water by suction, because 

I the attainable vaeuiun in the injector will be small. 
Ordinary high-pre§sure injeetoi^ are asually proixirtloned so 
ms to deliver against a pressure from 20 to 40 per cent, above that 
•of the steam — that is, in regular working there is a large excess of 
energy in the water- jet over just what Is necessary ft>r delivery, 
I It m frequently desirable to use feed-water of fairly high initial 
femperaturei as from the hot-well of a condensing jilant. The 
upjier limit of suction-temperature in a well-pr*>portioned injector 
will be about 130"^ F, — which, in Example 4, would make i^ 
about 212^— so that feed at from 90^ to 110^ h entirely prac- 
ticable; but of course this water must be supplied to the injector, 
if of the simple type^ at or above ita level, 
^H (fc) The Ste-im-turbine,— Of this important and increasmgly 
^K>romment t)'pe of steam-motor, only the simplest fundamental 
^fcjrinciples will be given at thL^ point, further treatment of the 
^^ubject being r<ser\'ed for a hiter chapter. 

The working parts of a smaU lie Laval tm^bine, wliich, as to 
I ^%%9^ m hn 9tmm 4*» i^^*^U'..il jj^ the application of the jet, is of the simplest 
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form built, are shown in Fig. 71. In I. a cylindrical section through 
tlic bladw at inid-longth Ls doveloped or flattened to the plane of 
the drawing; while II. Is a view from the left side of I. The true 
form of the blades or buckets, a.s also the manner of holding them 





Vui. 71. -Thr ])(• Kavul Tiirliiiie. 
ill the wh(»ol, is shown by tlio detail at the top of II.; otherwi^^e 
th(Mr form is merely indicat(Ml. 

The manner of action of this turbine can lx»st be explained 
with the help (»f the* v(»locity diagram in Fig. 72. Here AB repre- 
sents the full v(»locity (»f the steam, at 
the mouth of the nozzle and along its 
A^ axis. Tliis st«»am strikes a row of 

"buckets" wliirh are moving with 

V^-^- ^H tin* velocity Vj: and its velocity rcla- 

T tive to thes(» buckets b< got by com- 
bining with the absolute velocity V of 
the steam that of the nozzle relative to 
Jf- tlic moving blades, which is efjiial to 
V'Y reversed: this gives ]\ as the 

iMH^inl'^'''*''""^'^'" ^'<*^*»^'i^y ^^'i^*^ ^^'*»"'*^ ^lie steam eaters 
the wh(»(»l. 
The fuiictinn of the curve<l turbine-blad(» is to change tllB 
direetion of the steam-eurreiit, so that it esca]H»s with the rd;atMilll 
velocity r.,, here ecpiMl to \\ and making the sam(» angle witYi t* 
line of the burk(»t-inovenient. The pressure of the steaoi \y 
this curved gui(l(\ due to the inertia with which it resists Im, 
acceleration, is the working- force in the 




Vui. 



Combining with \\ the absolute' v< 






ft, at EF, -wc 
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1>F ^ V*,j as the absolute velocity of exit of the steam. The drop 
in kinetic energy (>f the steam due to change from l" to F^ represents 
the effective performance of the turbine. In the figure, \\ is about 
40 per eent. of T, so that the residual energy is about 16 per cent. 
I The jet-angle ABC being 20°, it Is obvious that the minimum 
lvalue of \\ is DH, equal Ui V sin 20° or .342F. To secure this 
mininium, Vj must be half of the project tion BG JiaH of V cos 20"^, or 
-470r. Since it is highly desirable that Vr be kept a,s small aa 
po^ible, and since the angle HDF can have a considerable value 
(even up to 30*^) without making DF much greater than I>H, it 
appears that giKKi results will be got by making 1't equal to HAV 
or IW With steam- \Tlocities ranging from 2500 to 3<XJ0 ft, per 
see,, the velocity of the buckets fe>h(>uld be from 1000 to 1500 ft, 
per sec. In actual De Laval practice, the range k from 525 ft. 
per aee, with a 4-inch wheel at 30,00(* R,P,M, to 1400 ft, per sec. 
with a 30-inch wheel at 11,000 R,P.M. To bring these rotary 
speeds down to something practically applicablei a pair of geara 
with the ratio 10 to 1 is interposed between the turbine-ahaft and 
the jx^wer-shaft* 

(/) CoMPOLrN^D TuBBiN'ES. — 111 ofder to reduce the linear speed 
of the turbine-buckets without diminkhing the effecti\'enes3 of 
the utilization of steam- velocity, two general lines of procedure 
are available. The first is to divide the reduction of velocity 
into a number of successive steps after the manner of Fig* 73; in 
the second, the expansion of the ^^ ^^ _ 
steam is divided into stages like 
those in a multiple-expansion 
engine, a complete turbine ele- 
ment, simple or complex, being 
employed for the utilization of 
the velocity due to each pressure- 
^ In this work, the words 
\ compoimd will be 
the distinction in 
pxfiiuiding the 
\ and corn- 
purpose as to the m^hanical arrangement 
r jgnenti 





Fig, 73.— EltiJiietit of Curtis Turbine, 
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The imaganait of a cnmplCT turbine k ehown in Fig. 7]^ 
wfaoe the view given been the nme rdaticn to the aads of rotttiot 
as does that in Fig. 71 I. The nossks and the gnide-vaneB B|, B^ 
are fixed to the frame or casing of the machine, and the three torn 
of buckets sre carried on the rim of a wbetL 

The velocity diagiam for the first line of bncketi is ABODE it 
Fig. 74. similar to Fig. 72: the first line of vanes raveiws CE to EF, 
here assumed symmetrical with GEL The rest of the {voces, 
together with the manner of getting eireuhuvarc profiles wtiA 
will be tangent to the several vdocities, is sdf-evident. 




Fig. 74— MultiplMtep Velocity 

The question as to the form of profile necessary for 83rmmet- 
ricul veliK'it y reversal — that Ls. for making equal any pair of angles 
as (I ami 3 on Kig. 72— will be taken up later. It will be noted 
that the steaiiwum^nt in Fig. 74 will increase in cross-section is 
its velocity l< lowered: nxini Ls given for this increase partly bjr 
making tlie vani-s and biicket;« thinner, partly by increasing the 
lengtli of the o|K'n s}>a('es. in a direction at right an^es to the 
plane of the drawing, or along the radias of the wheel. 

Ihv tlHTniodynaniie principles underlying the working of the 
** team- turbine have IxH'n ()uite fully developed in this chapter; 
the rjiiotions involvi^l in the a-jo of the steam-jet 9s a dri\'iiig 
aL'i^iit iK^Ioiig chiefly to the domain of mechanics, and will therefore 
(h* taken up more at length after the mechanical presentation of 
the eoiumon engine has lxi*n given. 



CHAPTER VI. 
THE. ENTROPY-TEMPERATURE DIAGRAM. 

§ 30. General Ideas as to Entropy. 

(a) Enthopy is a quantitative property of heat, already defined 
mathematically in § 13 (c), and extensively used in our compu- 
tation upon the adiabatics of steam. According to that definition, 
isvhen a portion of heat Q is imparted to a body at the temperature 
T, the body acquires entropy N measured by the equation 

iV = ~ (170) 

If the operation takes place with varying temperature, so that 
only the infinitesimal dQ is imparted at any particular T, we have 

dN=^; (171) 

whence, during the passage from T^ to T^, the entropy acquired is 

l^./y (172) 

Without attempting, at this point, to give any other idea of 
entropy than that of a mere mathematical ratio (or summation 
of ratios), we will now proceed to apply it to the analysis of simple 
thermodynamic operations. 

(6) TiiE Entropy-temperature Diagram. — Just as work is 
represented graphically by the product of its two factors, force 
and distance or pressure and volume — that is, by an area — so 
also may heat imparted be diagrammed as the product of two 
factors, one the absolute temperature, the other the entropy. 
This appears at once from the equations above; and the sequence 
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I whic.» ^ug;^ts iti?elf 33 a liistorj* of the dcvTlopmeiit of the 

Jcept of entropy is, first a desire thu» to r«?preBent heat as a 
i|K>untl quantity, then the natural adoption of tempemtuR* m 
one factor and the determination and nanung of the other factof . 

In tins sygsteni, tlie two sirnpleiit operations—the ultimate opeiB* 
tions, in that, whOe others can tie resolved into ttieni, these cantiot 
be reduced to an>*thin^ simpler— are the isothemial and the adia* 
batic, the elements of the Carnot cyde, Tlie first la change of 




^F 



Fio. 75. — Carnot Cycle. 
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~tn — f^ — ^ — n — ^"v 

FiQ. 76.— Constant Pranure and 
Constant Volume. 

entropy at constant temperature, the second is change of tem- 
perature at constant entropy: and the NT diagram for this cycle, 
with the same designating symbols as on Fig. 20, is the rectangle 
shown in Fig. 75. 

Equation (170) appUes to this figure; from 1 to 2 the entropy 
A^=AB is acquired; the heat received is Qj^iVTi^ area 12BA; 
and the heat rejected in Phase III. is Qj^iVT, =area 34AB; 
finally, the heat converted into work is 



il[7=Ar(r.-r,)=^(7',-7',); 



(173) 
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tie same entropy being lost from 3 to 4 that was acquire<l from 
to 2, 

Tlxi^ figure is drawn for the san\e comlitions as Fig, 20, The 
lount of heat received, Qp can be found only from ttie ratio of 
isothem)a! expansion, as in § S, Ex. 1: then the entropy follows 
by plaiJi diATsion, the value in this case being: N =^:M^SQ0 = S'S, 
It ^'ill be notefl that the axis of T, or the line of zero-entropy, 
j.s here placed right ap;ainst the left side of the fliap^am, showing 
that c'liang.e in N, rather than sometliing like an absolute value, 
is the important variant. The difficulties in the way of a meas- 
urement of entropy above some reference state, and also the 
^representation of certain other processes besides the isothennal 
^■and adiabatic operations, will now be illustrated, 

(r) The Two Simple Opkhations in which the variation of 

tempemture is in constant ratio with the heat reeeiveti are repre- 

anted accortling to the two systems in Figs. 76 and 7T* The 

'point 1 on Fig. 76 corresponds with the same point on Fip. 20: 

anil the matter to be discussed is, the tlifferent ways of bringing 

the pound of air to this starting-point of the Camot cycle there 

^illustrated. 

^B As an initial reference state, the temperature 32^ F. naturally 

^Blig^ts itself, and in Fig. 76 the isothermal hne AC is drawn for 

ibis temperature, while Bl is a similar curve for 800^ AF. Tw^o 

■of the possible ways along which the gas can pass from the terapera- 
liire of 492° AF. to the point 1 are, by heating at constant pressure 
from the point A where the pressure is p,, and by heating at con- 
stant volume from the point C where the volume is i\. Again, 
taking A as a single, definite starting-point, besides the direct 
^^hange along Al, we could have an isothermal expansion along 
^■6.0, tlien rise at constant volume along CI : or rise at constant 
volume from A to B followed by isothermal expansion from R to L 
lie three operations leml to the same final result; and these are, 
j)f f ourse, only particular cases out of the infinite number of possible 
uhfi from A to L 
The < : ' ^itrH("Sses on the NT system is 

f'orresjjonils to Fig. 76. Let- 
Qd, m - 'iTit specific heat, we have, 

171) pjid > h 
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whence 



dNJ^^^;. (174) 

N^cJ^^^'^c\og.'^^^23imc)og^^, . . (17S) 

the last expreraon being in tenns of (xmunon logarithms. 

For heating at constant pressure, c— 0.2375, and (175) beeomcB 

AT -0.64685 log ^; (176) 

while for constant volume the coefficient is 

.1690X2.3026-0.38014 (177) 

In passing from A to 1 at constant pressure the heat imparted 
is 

0-.2375X(800-492) -73.16 H.U.; 

and the entropy gained by the gas is 

iSr- 0.5469 xOog 800-log 492) 
=0.5469X0.21112 = .1153. 

This entropy is OM in Fig. 77, and the heat Q is represented by 
the area AIMO. 

Of course, values of *V for a nunilx^r of different T's must be 
worked out in onler to pet a series of points for the curve Al; 
and a similar calculation is necessary for curve AB, or CI, whicK 
shows the change at constant volume. The corresponding di^ 
grams ABIC, on Tip. 76 and Fig. 77, give an interesting compariaon 
of the two systems of representing tlTionnoflynaniic pniecajif^, 

{(l) The Mkasuke of Entropy.— What we get l>y eviifuatii^ 
(170) or (172) is the gain in entrop>' of tlie ho<ly re^eivinje Iiimti 
on account of certain changes in temiMrutun^: but th<x0 h notiunf 
to indicate at what distance from the OT-axi- '^ >^mi 

of this entropy shall be begun. In otlicT word-, 
definite zero-line for entropy, and '* cannot be iiir^i 
lut(» terms, as can pr(^^5sure, volun 
adiabatic curve tlirough any o 
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on Fig. 76, will be a vertical reference-line on the NT diagram; 
but any such line can be used as the co-ordinate axis of tempera- 
ture. 

That there is no absolute zero of entropy, analogous to that of 
temperature, appears when we note that a logarithmic curve like 
lA or IC in Fig. 77 will go out to minus infinity for T=0: so that 
the total entropy of a substance, due to an imaginary heat-impar- 
tation at constant rate from 0° AF. up to 7", would be infinite. 

T 




'A^^ ' Js ' ' ' • Jo ' ' ' ' jLj 
Fig 77. — Entropy Diagram for Fig. 7(). 



An important practical fact is that any curve from (175), as 
AB or CI in Fig. 77, can be moved sidewise as convenient : so that 
in any co-ordinate system (with any particular scales of T and 
N) a curve whose condition is that the hoat imparted varies defi- 
nitely with the temperature need not be laid out every time it is 
to be used. Once drawn, it can be shifted horizontally, as by a 
template, so as to pass through any desired point. And this is 
tnie for any relation of dQ to T, l)esidcs the simple relation in (174). 

(e) The Hydraulic Analogy, in connection with the ideal 
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heat-engine, as already used in § 8 (A;), is the foundation of a line 
of reasoning that leads to a pseudo-physical conception of entropy 
which, while it is highly artificial, may sen^e to connect this rather 
elusive idea with familiar mechanical principles. 

Suppose that a certain weight of water IF is at a certain height 
Aj, above sea-level; and that, in passing through a suitable motor, 
the water is lowered to and discharged at a level h^ above the 
same zero. At the upper level, the potential energy of the water 
is Wh^, the product of the weight-force W by the height, or by the 
distance through which the water is capable of moving under the 
action of this force; at the lower level the residual energy is TF^; 
and the energy given off by the water in being lowered is W(h^—h^, 
It must be clearly understood that in these expressions for work 
or eiicrg}', W stands for force pure and simple, and not for the 
quantity of the water-substance, which is what we are likely to 
mean by "weight." Then back of the two factors of work, force 
and distance, stands the water-substance itself, ser\'ing in this 
case as a sort of vehicle of mechanical energ\\ 

Next, consider the operation of a thermal engine with the 
Carnot cycle. Heat is taken in at the upper temperatiu-e T^^ 
part of it is transformed into effective mechanical work, and the 
rest is rejected as heat at 7\: the respective quantities of heat- 
eiiergy, received, rejected, and converted, being proportional to 
1\, y'j, and (7\ — Tj), all in the same ratio. If now, instead of 
thinking of heat as a simple quantity, we resolve it into the factors 
T and N, then T is analogous to the height h, and A'^ to the weight 
W. From this point of view, some writers have called entropy 
'* heat-wcighf : but the analogy weakens if we trj'- to make JV 
correspond with the force W, e\'en though the tendency of heat to 
sink from a higher to a lower level (or temperature) is as real a 
fact of nature as tlic force of gravity. A useful conception is got 
by letting .V correspond witli W as a measure of quantity: so 
that N will measure a sort of imaginary energy-vehicle, which is 
back of the factors and back of the heat itself. In a sense, then, 
the entropy carries the heat. 

(/) Heat-con VERSION at Constant I^ntropy. — A characteristic 
of the performance of the ideal heat-engine is that the entropy 
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^pema 



lains constant as the heat is lowered through the working- 
"range uf temperature. And from the operation of this apparatus— 
which is simply the ombochment of the thermodynamic procesSj 
the most perfect fonn, and the fundamental part of all formSj of 
the proems of converting heat into work— we get the folio wing 
uleas: 

B When heat is imparted to the working-substance of a beat- 

Hengine, the entropy accompanies or carries the heat into the sutn 

H^ance. 

H When heat ls transformed into effective mechanical work 
(the work of a closed cycle), it leaves its entropy in the working- 

■Bubstance, with the residual heat-energy, 
I The heat rejected takea with it all the entropy that came in 
with the beat supplied. 

In other words, it is a fundamental fact of tbennodynaniics 
that entropy goes into or out of the cycle only with heat as heat, 

I not mth heat trarisformetL 
This action parallel;? exactly that of the water in relation to ita 
potential energy in the hydraulic cycle: but, as stated in § 8 (fc), 
the analogy" will not hobl for the details of the resfjective processes. 
For all practical pnrprkses, the mathematical idea of entropy 
IS sufficient; and in our further discussions the language belonging 

I to that conception will be chiefly used. 
{(/) Heat-tkaksfkh with Gain of Entropy. — Having a cer- 
tain amount of heat Q^ in a soiu^ce at T^^ and capable of being 
given off for thermodynamic use at this temperature* we may call 
the quotient N\, equal to Q^ divided by T\, the initial entropy of 
I the heat — even tlioiigb it may be^ strictly, the entropy of a certain 
amotmt of the substance of the *' source.** If the irnpaitation to 
[the working-substauce of the lieat-engine is isothenual, or revers- 
ible at r,, tlum the entropy acquired by this substance is the 
same as the inittal entropy of the heat. But if the heat pass^ 
lure-gap, or if the process is not reversible, then 
^ first term of the eciuation 
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is less than the initial entropy N^ in 

N,T,^Q (179) 

That is, in the purely thennal operation of the transfer of heat 
from one body to another, there ma}'^ be an increase in entropy: 
and ^dth this goes a loss of thermodynamic potentiality, as will 
now be made clear. 





n. 



HN K 



Fio. 78. — Diagrams of a Non-reversible Cycle. 



(h) A Non-reversible Cycle. — As a concrete example imder 
the statements just made, consider the imperfect cycle in Kg. 78. 
This consists of two operations at constant pressure, for the recep- 
tion and rejection of heat, with two adiabatics; it has the same 
temperature-range and the same general conditions as the Camot 
cycle of Figs. 20 and 75; and is formed graphically, in I., by draw- 
ing horizontal Unes through the points 2 and 4 of Fig. 20. Then 
the AT diagram is got by mo\dng sidewise the curve i4 1 of Fig. 77, 
most conveniently by means of a template, until it passes first 
through 2 and then through 4 of the rectangular dia^um. This 
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graphical determination of the temperature at A and at C is accu- 
rate enough for present piu'poses. 

The heat received is Q^^NT^^^^OABNy according to (178), 
where N is OX and r^i is the mean height of the curve AH. In 
the source, at T^, this same heat Qj was represented by the area 
OTFH, equal to OABN, where OH was got by the relation 

OH-iV.=^=^, (180) 

from the measured area OABN. 

If this heat were taken into a perfect cycle with the same limits 
T^ and Tj, represented by TFGD, then the heat rejected, the un- 
avoidable loss of energy, would be ODCiH, equal to iVj^j; and the 
effect of the imperfection in the upper part of the cycle is to increase 
this unavoidable loss to ODEN, by the amount (iV— iVj)?',. 

Further, on the lower side of the cycle, the heat actually rejected 
is Q2=iVTnj3=0I>CN: here again the heat drops across a tempera- 
ture-gap to the receiver; and at the temperature Tj it is represented 
by ODjk^iVjrj^ODCN. Then the addition to the lost heat, on 
account of imperfect heat-rejection, is NEJK, or (AT,— AT)?",. 

This brings us to the conclusion that the avoidable waste in an 
imperfect cycle is measm-ed by the increase in the entropy of the 
heat from the source to the receiver. 

(i) Heat-waste in the Steam-plant. — In any actual appa- 
ratus, a certain temperature-difference is essential to the reasonably 
rapid flow or transfer of heat. In the steam-plant, on the reception 
side, this difference is very great; thus, with a temperature of 
steam-formation below 400° F., the highest temperature of the 
hot gases may be over 2000° F.; so that part of the heat drops 
across a gap of 1600°; and at the best, the gap is not reduced to 
less than from 100° to 200° by the time the gases leave the boiler. 
On the rejection side, the difference is less: from a non-condensing 

Pgine, exhauiit stream at 212° mixes with air at from 0° to 90°, 
cording to the wc^ather: while in a condenser the difference 
!tW6<m the mean temperature of the cooling- water and that of 
'■ -"*^^S3S^ steam in usually from 30° to 60°. 
^^HB^^ great increase in the proportion of heat rejected 
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by the engine, on account of its inability to receive heat at a temper- 
ature somewhere near that at which it is generated by the com- 
bustion; consider the following case: 

Suppose that the furnace could supply heat effectively at 
2000° AF., and that the actual limits of the engine are 800° AF. 
and 500° AF. Then for 1000 H.U. available at 2000°, the entropy 
is A^i^O.S; and worked through a perfect cycle to 500°, only 
iViTj^ 0.5X500 =250 H.U. would be rejected. At 800° AF., the 
entropy of this same heat would be AT = 1.25; and then the rejected 
heat cannot be less than Nl\ = l .25 X 500 = 625 H.U. The increase 
in the unavoidable waste, from 250 to 625 H.U., is due to the in- 
crease in entropy from 0.5 to 1.25, or is (iV— iVJI",** 0.75x500 - 
375 H.U. 

Of course, an ordinary boiler-furnace could supply only a 
small part of the heat of combustion of the fuel at a temperature 
such as 1500° F. : but if the thermodynamic apparatus could use 
the heat at such temperatures, the regenerative furnace used in 
metallurgy could supply it without excessive waste up the chinmey. 

§ 31. Entropy Diagrams for Steam. 

(a) The Entropy of Formation of Steam. — ^The foundation 
for all graphical work under this system with steam is a diagram 
made by plotting Columns 9 and 10 of the Steam-table, as in Fig. 79. 
The curve PQ shows a, laid out from OT, while RS is got by adding 
6 to a, or measuring off b from PQ. Of course, the uniform ver- 
tical scale is in degrees of temperature, conmion or absolute, as 
marked in the middle of the figure; but the varying scale of cor- 
responding pressures, at the side, is more convenient for use, both 
with data from the Steam-table and from actual steam diagrams 
or indicator cards. The line of zero-entropy, OT, is the adiabatic 
through the initial state, that of water at 32° F. 

The complete entropy diagram for the whole operation of 
steam-formation is made up of the curve PA for the heating of 
the water and the line AB for the vaporization: then PQ, up to 
any particular height, is a curve of operation, as is also AB: while 
RS is only a locus of condition, representing the curve of constant 
steam-weight. 
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This diagram does not represent total quantities of heat, because 
the base-line ON is at 500® AF. instead of at absolute zero. Then 
each strip, of the width JJV=0.2 and height 500° below the line 
ON, stands for 100 B.T.U. For practical use, it is better thus to 
have the range of ordinary temperatures laid out to a large scale, 
even though the efficiency and the relative heat quantities are 
less strikingly apparent. 
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Fig. 79. — Fundamental Cunes for Steam. 

The scales used on the original of this figure, 1"=0.2 of N, 
and 1"=50° F., are very convenient, giving diiagrams of fair size, 
with the area-scale 1 sq. in. = 10 B.T.U. , as indicated. 

(h) The Two Steam-cycles are represented in Fig. 80, which 
corresponds in proportions with Figs. 25 and 26. The Carnot 
cycle, or Cycle A, 1234 on Fig. 25, is here ABCD; and Cycle B 
is ABCE. For the area ABCD, Nx = .465, iVe = 1 604, or .V = 1 . 139 ; 
the respective Cs are 320° and 213°, so that (^i-/j) = 107: then 
^^ 107X1.139 = 121.8 H.U. is the heat transformed, per pound of 
H|team, as calculated also on page 74. The total heat received 
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is .Vxr, = 1.139X780 = 888.4. For Cycle B, the heat received 
wouM 1k» the area under EAB, down to absolute zero. 

To show the relatively hirge effect of the drop in back-pressure 

«dc1 ./^ I ^\. 




N r' 

Fig. 80. — Ideal Strain-cycles, 
and in exliaust-lemperature, duo to change from the non-condensing 
to th(» coiKJonsing condition, the line E'D'C is drawn for an abso- 
\u\v hack-pressure of about 2 lbs. 
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Iifj. si. Ijilioin- I)i:iirr:iiM for Ki;i. 2i\. 

{r) Idkal Sii:\m Piackam. — The shaded diagram of Fig -'' 
is rcprnduccd on tlu- A' 7' -ystciii in Fig. 81. The ratio AB t^) ■ 
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is made equal to AB/Al on Fig. 26: then BC is the curve of hyper- 
bolic expansion, running well above the adiabatic (to the right of 
BG, here); and CD is the curve of pressure-drop at end of stroke, 
laid off as though the steam were condensed at constant volume 
from C to D. The manner of drawing this will be set forth pres- 
ently. The adiabatic line RF corresponds with the curve 12 in 
Fig. 26: and the losses of effect due to imperfect reaUzation of 
the cycle are represented by the area between BCD and RF, above 
the level of ED. Note that the full outline of this diagram, includ- 
ing the condensation by the cylinder-walls at constant pressure 
during admission, is EARBCDE. 
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Fig. 82.— Steam Diagram with Late Cut-oflF. 

(d) Transforming the Steam Diagram. — ^To show the manner 
of deriving a diagram like Fig. 81, an example with more striking 
proportions is illustrated in Figs. 82 and 83.. On the steam dia- 
gram, where the fraction of cylinder-condensation is taken to be 
m = BR/AR, the adiabatic RU is drawn through the dry-steam 
point R for a reference-curve. 

Then on any isothermal line, as Ajl'i, we have only to repro- 
duce in Fig. H3 tho ratio A^B^ : A^V^, in order to get a ix)int 1^, 
on the *V7' curvt* V^ ' Hrr^luw the release-|X3int C the same method 
can bo uspd as I lie ^idiabatic RV is within -reach — as for 

the point C|, f^jdj^^^^Bj ^^ AjC,, we divide the volume AjCs. 
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Fig. 82, by the specific volume s^ at the pressure OA,, taken fr 
the Steam-table: then multiplying the full entropy of evaporati< 
AjSj in Fig. 83, by this ratio, we get the length A^C, which loca 
the point C, on the release cun^e CD. 

Two particular properties of steam — that the isothermals i 
horizontal lines on both systems, and that heat imparted vai 




Fi(^. S3. — Entropy Diagram from Fig. 82. 

directly as volume during evaj^oration — contribute greatly to sii 
plicity and convenience in the construction of the entropy d: 
gram. 

So far as the steam left in the cylinder at any instant durr 
the release is concerned, it is hiimaterial whether the rest of t 
st^am escapes or Ls condensed at constant volume: thermod 
namically, the latter Ls the simpler operation, and we assume it 
exist when plotting the curve CI). 

The whole loss of effect is now BCDFR, on Fig. 83; and \ 
have the result of incomplete expansion represented in much mo 
convenient form than on a pressure- volume diagram. 

The methods just developed are employed when converting i 
indicator diagram to the eiitr()})y system: but with actual wor 
ing conditions several complications are introduced, notably I 
the presence of the clearance-steam along with the working stea 
in the cylinder, and by the various wire-drawing actions. 
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(f*) The Actiok of the Clearance-steam, as set forth in 
19 (f/) and (c), mui^t now be more closely scrutinized: and it 
vnW appear that the assumption of identical curves of compression 
and of expan^sion for this body of steam Is not correct. 

Under the methods available and employed in engine-tesliiig, 
there is an mherent uncertainty as to the exact weight of the com- 
pressed steam. As a good working hypothesis^ however^ it seems 
rea^wmable to assume that the ste-am is dry-saturated when com- 
pression liegins; because a large part of the moisture in the ex- 
pand^ steam must have been swept out as water in the first rush 
of the exhaiLst, when the vah^e opened widely while the piston 
was near the far end of the cy Under; and during the return-stroke 
exhaust the heat in the metal has been passing into a det-reasing 
weight of low-pressure ste^m: so thai the residual steam is likely 
txi be fully dried, If not even slightly .superheated, when the valve 
closes to exhaust. 

In Fig* 84 » let E and C be the pt*ints used in calculating the 
I.S.C*: the two distances I*'E and DC then represent volumes of 
saturated steam; but with the difference that the steam at C is 
dry^ while that measured by FE has a consitjeralile pRtpirtion 
of water mixed with it, Findmg at (i a p<3int on a curv^e of con- 
stant steam- weight thrt*ugh C^ we have the LS.C, represented 
by CiE. To get (i, it Is most convenient to use the specific steam- 
weight d from the Steam- table: thus the distance L>C, on this 
figure, was 3.*5<J"; for C, at a pressure of 20 lbs,, the weight per 
cubic fo<Jt is .0.5<)3; at G, 95 Iks, pressure, it is .2171; then^ since 
the weight is the same at these two point^st, FG was found to be 



3.50 X. 0503 
.2171 



= MV 



Hhow let S* he the indicated steam per cycle, as found by GE, 
*^r by u^ing E and C In Kq. (98); S the actual weight of working* 
m, as determined by a condenser- test; and *s'„ the clearance- 
calculated from C or G, At th^ pressure pg^ S^ k repre- 
f GE, and S^ by FG; and by making 



GM:GE-*S:A'' 



(181) 




witnl njts favide ^f O* showing the n fRtjcn^mtinn i^f thir rompecnl 
fitenm im srcDttot itf mbttmrtiim uf heat by the metal surfurfii 
This eoinprGi«iiJn k ciknied cUsar up «a the higbe&t prf«isure reachd 
in the cyUader; and then expAtie^ af the ti>tid ?tt<fun VH^gbs. 

As tn this exparu^on, the on)>* wiirkablp h^-pfuh^b is that llr 
body of steam in the cylinder is hofii0f;eiieriit3: tJien if FE mpnp- 
9mt» the vfiluDie' of tlie fital ^eam, FH^ gcit by tnnkiEi^ 



t H : VE - n; : HI ~.% : (iS;+5), 



( 



win nhow the volume of the cteamnce-fteam tn the ittiar ^ak^ 
i»r undi*r tJu* aaine ronditi<>na. A curve of exfuitL^^ion through H. 
eimBar to the ituiUi expani*iiin-etir\*« ES, and p^t hy diriijin^ 
any atecbaa FE in thia aame ratio, will complete the n?prft^*nta- 
tiim of the at' t ion of the d**ft4 sli^ani. 

We sec, therefore, that thi3< ^teain goei thitmgh the smB\l vydt 
QJGLHR, with a negative efFwUve mirk: and that a minor part 
of the total loss thie t^i c'yliridc*r-fT*nden»atiiin may Im* thought of 
;kS cfTc*M.tiating it^^elf through the ?^!mrikage in the volume nf the 
clearance-stcaim, while the greater i>art results fn>m a ^iniikr 
e*iTi*« 1 tjjMin the working steam. The ides, in § 19 («). t>f septtfaring 
ih" t%v*> hiilii*?* i>f i^team bv an iniaglnary diaphragm— tthiih 
miLHt , however, be entirely pervious to heat, m as not to interfere 
with homog<*iteity of the steum during exjmiiHbn— -may be helpful 
in connection with the eycle-diagratu of the clcaranee^steam. 

(!) WiRK-i>RAwixG.— The ^eet of thin action, whereby ibif 
area AJKHKA on Fig. 84 m hi.^t frnm the full diagram of ^xpansym 
c*f the working-^team, is to rhange pres^tmvwork first into kinetic 
energj* t>f the Bteain-current^, then into heal. So far as results ure 
foncemed, thi^ heat might just as well hi%yt^ come int*) the stwim 
frt^m i^>me o^itside »3uree. It has a certabi therm* Hjynamii' valuo, 
whir ft is exhibited on the diagram in the fact that the expaasitni- 
line ES is a little farther to the right than it woultl be if this small 
extra supply of heat had not been received. On thU figim% ht 
instanr'ep the total lost arm outlini>d abi^ve measured 1.20 sq* in 
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Adopting a volume-scale which would make GM represent the 
volume of 1 lb. of steam at 95 lbs. pressure, the area-scale was 
4250 F.P. or 5.47 B.T.U. per square inch; so that the lost work 
is 6.6 B.T.U. ; and with the latent heat r equal to 885.6, this heat 
would evaporate .0075 of 1 lb. of steam. This fraction of GM is 
measured off at EE', and is so small as to be scarcely visible on 
the reduced drawing. Other things being equal, however — such 
as the amount of heat absorbed by the cylinder-walls, down to E — 
the small shifting of the expansion-curve adds to the diagram a 

B 




Fig. 84. — Steam Diagram with Large Proportion of Gearance-steam. 

little area, which partly compensates, but only to a slight degree, 
for that lost by wire-drawing. This small action is merged into, 
and entirely overshadowed by, that of the cylinder- walls. 

Wire-drawing through a wider range of pressure, such as that 
which takes place in the steam-calorimeter, is represented on the 
entropy system in Fig. 86. But in traiisfonning indicator diagrams, 
the only practical procedure is to ignore the detail of this process, 
and represent simply its net result, showing the entropy-e(]uivalent 
of the realized volume at any pressure, just as is done, for the 
release-curve, in Figs. 81 and 83. 

(g) TiiK Traxsfokmed Indicatou Diagram.— The full-line 
diagram ABCDEF in Fig. 85 represents the indicator diagram 
AESTQJA of Fig. 84: it is derived by finding the ratio of horizontal 
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intercepts :ween the ctitl-curvc8 AJQ and AEST to the romj- 
«pondin^ specific volumes^ hi Fig. $i; anti then nieasum^ tiff 
from Al*\ in Fig* 85, thcst* fractioiiis of the intercepts between M 
jiinl Its* Table 31 A shows the operatiou in iletaiL 

Table 31 A. Calcllations fdii Fju* 85. 



P 


V 


BiMdao Vvlume 


Entropy 
of ^vrntMimtlmi 


AT 


110 


2 01 


4 02 


6.53 


2 70 


100 


2 89 


4.39 


5.62 


3.7D 


» 


3 42 


^ 


6.71 


4 03 


m 


4J)6 


a.,^. 


5.S1 


4.35 


n 


4.m 


6.13 


B.m 


4.68 


m 


B,U 


7.00 


6.05 


4.S2 



In this table v 15 the volmne-intexcjept oa Fig. 84, reduced 
to i^jbir feet. To gpt the voliiTiio-«<Tale, we have that GM, equal 
to 3.12'', rcpm^nts 4,61 cu, ft. of steam; m that T' ,^Um)& for 
L476 riL ft.: then meastirenient)^ fporu the indicator dio^am are 
nniltiplicHl by tlib factor to pivt; the values ofAK 

The gjiecihc vohmie 8 is taken directly from the 8team*table. 
In strirt tircturacy, u, cx|ual to (» — w), should bo uae4l instead of 
s: but in any work that can be done with actual diagrams the 
effect of this refinement would be absolutely invisible. 

The total entropy of evaporation, 6, is here reduced to inchi>8 
on Flo;. 85, so that the result of the calculation, 



N^^-Xb, 



(182) 



will also be in inches, and ready to lay off. 

At 60 lbs., for instance, the entropy-length for Fig. 85 is 

5.65. 



7.09 



X 6.05 =4.82" 



and, working directly upon the figiues, it is just about as easy to 
make the whole com]Mitation at once, instead of first reducing • 
to cubic feet, in the form 



3.83^^X1.476 
7.09 cu. ft. 



X 6.05" =4.82''. 




§3107)1 



ENTROPY DIAGRAMS FOR STEAM. 



227 



Graphical constructions, an extension of the principle of 
Tig. 42 III., can be used for finding the abscissa-length for Fig. 85. 
But with so many elements involved, the method of measurement 
und calculation is easier, provided that the arithmetical work is 
<ione with a slide-rule, and is quite as accurate. 




Fig. 85. — Entropy Diagram from Fig. 84. 

(h) Discussion of Fig. 85. — In this figure, besides the repro- 
iluction of the outUne of the indicator diagram, the expansion- 
curve CD is produced back to G, so as to bound the area AGCBA 
which represents the loss due to wire-drawing. As suggested at 
the end of (/), the curve ABC does not show in detail the complex 
thermodynamic operation of wire-drawing; but had better be 
thought of as simply a reproduction, on this heat-unit system, of 
the work-diagram in Fig. 84. 

By drawing another expansion-curve at a short distance to the 
left of GCD (corresponding to E'E on Fig. 8^), we could show 
what would take place if there were no wire-drawing: but the area 
between this curve and CD would be only a small fraction of AGC. 

Now the total loss of work due to cylinder-walls and to incom- 
plete expansion is GDEUR: and if we wish to separate the effects 
of wall-action upon the working-steam and upon the clearance- 
steam, we draw the curve HJK, by taking intercepts between 
LHR and BEST on Fig. 84 and going through the operation of 
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Table 31 A. Then the negative work of the clearance-steam 
representetl by GDEKJH. 

One very important advantage of the entropy diagram 
it represents the quantities of heat involved in any such op 
as the transfer to and from. the cylinder-walls. Thus, dc 
cut-off at C, the walls have taken up the heat represented 
area between ACL and RU, running down to al^solute zero: 
during expansion the heat LCDX is returned to the steam. 

To get a clear idea of the full thennal behavior of the clea 
steam, we should have to change its cycle-<liagrani, LJQR] 
Fig. 84, to the entropy system: and could then follow close 
action of the cylinder-walls during compression. But for the 
purpose of showing the total lass due to imperfect realizat 
tlie steam-engine cycle, the full-line diagram on Fig. 85 is 
cient. With a compound engine there will be two or mon 
diagrams, in vertical series, each drawn by the method used h 

(i) Superhi:ati:d Stkam. — For the operation of superb* 
at constant pressure, and using the specific heat 0.4805 in Eq. 
we get 

.V = l. 1064 log ^ 

As stated in § 30 (d), a single curve can be drawn foi 
full range of tom|x^raturc likely to l)e covered, and then si 
sidewise as desired. The data for this curve are given in ' 
31 B, where the increments of entropy for each 50° of tern 
ture-rise arc calculated. 

Tahlk 31 B. Data for tuk SurKUHKAT CtmvK. 
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.02598 


.2 


1000 


.02465 


.2 


10.50 


.02345 


.2 


1100 


.02235 
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1150 


.02137 


.3 


1200 


.02044 


,3 



Besides the successive increments J.V, the total entropy N a 
the state at 600° AF., as got by cunmlative addition, is giv( 
the fourth column. 
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The entropy-curv^e for superheat is drawn at TU in Fig. 86, 
with TV as the reference-line from which N is measured. Then 
by means of a template, or b}' measurement, this curve can be 
moved horizontally so as to pass through any desired point on 
the satimition-curve RS. 
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Fig. 86. — Diagram for Superheat and for the Steam-jet. 
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(/) Energy of the Steam-jet. — Fig. 52 is represented in 
tirms of entropy and temperature on Fig. 86, which shows graphi- 
cally the energA'-ciuantities used in getting the curves on Figs. 49, 
50, and 51. AB is the isothermal line of evaporation at 120 lbs. 
Initially dry steam, expanding in the jet from 120 to 15 lbs., 
receives the energy ABCD; and with a lower pressure of 1 lb. abs., 
HM^ energ}' of the jet is ABCD'. A series of horizontal lines, 
^^^■Md by the pressure-scale, will give a representation of the suc- 
^^^H8 values of E in the 120-lb. column of Table 24 A or Table V. 
^^^^^«vertical lines, spaced at equal intervals between A and B, 
^^^Bj^ effects of different initial fractions of moisture; thus 



230 THE ENTROPY-TEMPERATURE DIAGRAM. [Ce 

with Xi = .60, the effective areas are bounded on the right 1 
adiabatic EF'. This illustrates very clearly the propo: 
method set forth in § 24 (d) ; areas bet^ een AI/ and AG' sJ 
the energy of a jet of hot water. 

For the case of steam initially superheated, the tempe 
for r = 1.2«, where 7's =801.0° at 120 lbs. pressure, is foui 
Eq. (63) to be 7 =937.7° AF. A superheat curve is passed th 
B, and limited by 7' at H: then the vertical HN is the adL 
line for jet-expansion of the superheated steam. This line c 
the saturation-curve at M, showing at what point the stej 
the jet ceases to be superheated and begins to condense. ^ 
higher tenninal pressure, as 75 lbs., for which LK is drawr 
temperature of the steam is found by passing the superheat 
KJ through K to meet HN at J. The relatively small thermal 
of a superheating action, as compared with evaporation-e£ 
becomes strikingly apparent in this diagram. 

(k) Diagram for Wire-drawing. — In complete wire-dra^ 
the energy put into the steam-jet is all changed back into he 
the currents come to rest at the lower pressure. The cas 
steam initially dry at 120 lbs., dropped to atmospheric pre 
by throttling, is represented by the diagram BCLP. The en 
of the jet Is equal to ABCD : and when this is reconverted 
heat, it evaporates all the moisture in the steam, along CL, 
superheats it up to P, to a temperature calculated in Table 2 
The area under CLP must be equal to ABCD. 
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CTTAPTER \T[, 
THE MECHANICS OF THE ENGINE. 

5 32, Farces in the Machine. 

(a) FoHCES ON THE MoviNO Parts of the Enhine, — In taking 

up a study of the force-actions in the common rc^ciprocating piston- 
engine, we find a sufficient foundation of practical knowledge of 
the machine in the description of a simple liig:h^peefl engine pven 
in Chapter L; and the full description of the important variations 
in genera! form and of the details of eonstruction will not be under- 
taken until the mechanical principles, as well as those of the ther- 
modynamic action of the engine, have been set forth. 

Starting, naturally, with the steam in the cyhnder and the 
working-pressure which it exerts upon the pbton, we note at once 
that a part of the subject — the total or mean effect of the steam 
in doing work upon the piston — has already been fully eovere<l 
in Chapter lY., in the first part of § 20, But what we are now 
concerned mth is not m much the resultant work-effect, expressi- 
ble in terms of the mean effective pressure, as the actual, variant 
force-action in the engine: and of the system of forces whose 
relations we are now to consideFj the steam -press are is merely the 
primary member^ while the final is the working-force which meets 
the r^istance of the externally-apphal load. This system is 
represeiiteil in Fig. 1(H, on an outMiie of the engine mechanism* 
For the present, friction in the machine will not be taken into 
lunt, but we will assume the ideal condition that all the work 
*pt>n t!ie piston is deUvered at the output point. The weights 
*ciprocating parts — that is, the force which gra\ity exerts 
ti— are hke\™e neglected, as being relatively insl^nifi^ 
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Turning now to Fig. 101, we trace out the sequence of forces 
follows: 

(6) Forces on the Piston-sude. -Upon the sliding-pi 
made up of piston, piston-rod, and cross-head act forces she 
first on the main figure, and then, in combination, at A. These i 



Pr 



* — F, 






I 




^^mmmmmmA 



Fig. 101. — Forces on the Moving Parts. 

7V=forward steam-pressure, the full, absolute pressure acti 

on the fon^^anl-moving or driving side of the piston 

the instant. 
Pu-= back-pressure, on the exhaust or return-stroke side of t 

piston. Then 
Pe=^^f-^b is the eflfective steam-pressure on the piston. 
Fj = inertia-force of slide, its reaction against the accelerati 

e&sential to its rapidly changing velocity. 
^*D="'^E~^i i'^ then the final effective driving-force, delivered 
the wrist-pin W for transmission to the crank. 

These forces may be expressed either in pounds per squa 
inch or as total forces on the j)iston, bringing in the area-fact 
.4, according to the relation /^ = pXA. The st^am-pressures a 
usually got from indicator diagrams, and it is then more convenie 
to keep them in pounds per s(iuare inch and bring the other fore 
to the same terms. Here, however, we are considering tot 
effects; so that what are really distributed forces, spread out ov 
the surface of the piston or the mass of the slide, are reduced t 
and represented by, single, concentrated forces along the axis. 
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I mm the bef inning to, approximately, the middle of the stroke, 
the f^liclc is being acf*elerat^^dj and the inertia Fi jxiinU? in the 
direetiun shown, against the forward driving-force; but in the 
second half of the stroke the slide is retarded (or, its acceleration 
h no^aiive). and F^ then reverses. At high speetls. thiJ? for^e due 
to the mass and motion of the working parts modifies very materially 
the play of the resultant stejim-pressiire P^. 

Considering just the one position shown, the work l>eing done 
upon the piston by Pk ^ not all transmitted to the cranky but 
part of it 13 l^eing stored in the slide as kinetic energy. Since, 
howev-er^ the sUde has zero velocity at each end of the stroke, the 
jiifltnv and outflow" of energy must balance; and^ as a net result, 
all the effective steam-work will be carried over to the crank, as 
stilted above, 

(r) Thansmission to the Crank —The principal farces in 
equilibrium at the WTLst-pin are Pp and P^i the latter the pre8* 
sure of the connecting-rod upon the pin: but since these arc, in 
general^ not in line, tlie third force essential to eijuilibrium is sup- 
lied by the guide-reactitm Q^, perpendicular to the slifle-bar. In 
this figure, Q is used to indicate a frjrce which does not move in 
the direction of its action — that Is, one which acts ujKin a body 
that does not thus move — «o that it cannot do work. 

The connecting-rod WChas, nf course, an inertia-forceof its nwn, 
^^ which would have to be determined and taken into account in 
^■arder to find the exact manner of the force-transmlssicm. This is 
^n difficult operation, and it is usual to aflo)it the apjiroximation 
H!of considering a part of the mass of the rod concentrated at W, 
where it adds itself to the slide and increases Fit and the rest at 
, w^iere it has a radial, centrifugal inertia -force, with no tuming- 
W't upon the crank. Then the rod can be taken as a we^ight- 
Unk, transmitting force along the center-line from W to C. 
Coming now to the crank-pin, we have the force i\., equal to 
reversed, exerted upon it by the connecting-rod. Res(ilvhig 
►hi3 into components p<^rpendicular to and along the crank-arm 
K\ T is the turning-force, or force tangential to the crank*eircle* 
Tifhile Q% is the radial component, which tiunply presses the shaft 
inat the bearings. 
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This turning-force T, with the lever-arm 22, must equal 
effect the resistance Ti, here taken tangential to the wheel, at 
radius R^. In the aggregate the average moment TR must e< 
Ti-Bj; but since T varies widely, equilibriuna exists only at cer 
positions of the engine: in all others there is an unbalanced ti 
ing-moment, free to give angular acceleration to the shaft, 
acting against the moment of inertia of the fly-wheel| represei 
by the couple Fw-Fw 

Under the assumption that no work is lost through friction, 
work done by T upon the crank in one revolution must be 
same as that done upon the piston by the steam-pressure. Du 
each stroke, the piston moves through the distance 2R, the en 
pin through nR; using the subscript m to mark mean values, 
have 

whence, using Pm for either M.E.P., 

7'™=-P„» = .6366Pm C 

(d) Exact Force-aciion on the Connecting-rgd. — ^Thi 
illustrated in Fig. 102, the explanation of which is as follows: 



Fig. 102. — Forces on the Connecting-rod 

Assuming the total inertia-force Pj — the concentrated res 
ant of the small inertias of the distributed particles of the ro 
to be known, we may replace it by parallel components at the ] 
Pw at W, Pc at C. Now besides transmitting force along 
center-line, the rod must receive from the pins component fo: 
equal and opj^osite to Pw and Pc respectively. Or, conversely, 
pressure Pw on the wrist-])in will be the resultant of Pg, along 
rod, and Pw I^y a method which will be developed later, i 
possible to make the resultant of P^ and Q(, equal that of Pw 
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P^i and then caiT}'^ing this Pg over to C and combinmg it with 
Fc, we get the other pin-pressure, 

* For the sake of knowing how ne^arly correct is the approxima- 
tion described in (c), the inertia-effect of the rod is worked out 
by bfjth methods in § 37 (c), with the additional object of deter- 
mining the best proportion for the division of the rod-mass between 
W and C* It appears that the method used in Fig, 101 is amply 
accurate for all practical purposes* 




Fio. 103,— Forces on Shaft and Wheel. 

(e) EQUTLiBRruM OF THE Rhaft. — In Fig. 101 the system of 
forces acting on the shaft Ls not complete, because the pressure 
with which the bearings balance the resultant of alt the other 
forc^ is not included. The complete set of forces is sho^Ti in Fig. 
103^ several being added to those given on Fig, 101, An important 
mechanical principle which applies in this case is shown at IL, 
and may be stated as follows: 

If the force P acting upon a body iloesnot pass through the 
center or axis O about which the body is compellal to turn, this 
force will have two effects: it will tend to push the body straight 
ahead in its ovm du^ctioiij as though a force B^ equal and parallel 
to itself were applial at the center, and resiste<:l by the equal and 
opposite reaction of the l^eariiig; and will also exert a turning- 
moment^ that of the couple ina^le up of P ami B^, tending to turn 
the body about O. 
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111 onliT. then, to find the pnssiirc on the bearinc. we have oiJv 
to roniltiiH' all the (om^ at'tini: ujxhi the shaft, whether they pa.v 
thnniL'li tli(» <rntiT or not. On Fijr. 103 these forces are — 

/',. - j»n"ssun' of coniiortinir-nxl on crank-pin. 

M' wrJLrlit of whole rot at in jr piece. 

A=- resultant load force: hen* the jxnvor b? .^npposeil to \ye taken 
from tlie enj;in(* hy a U'lt. tlie ilifTen^iuv InnwotMi the two 
tensions. L^ on the ti«:ht or ilrivinir side and I^ <»n the slack 
si«le. iH'inir etjual to the 7', on Fijr. 101. Then L is the nsult- 
ant of the two U'lt-pulls. 

/•'„ -^('entrifuiral force of tlie count envei^ht: this is an eecontrio 
mass, attached to the crank op|)o.«5ite the enink-pin. in 
onler that its centrifuiral force may jiartly balance the 
inertia-force /'', of the HM'iprocatinj: parts, in a manner 
which will he e\[)lained pnsently. 

TIh' resultant of these* four fonrs is foun<l in the force-polyiron 
at III.. l»y layinir them out in order and dniwinsr the cKisimr siilo B: 
as market 1 licre. its arrow airainst the others, it U the n>>ultaiit; 
as drawn in I. it is tlie ecjuihhrant, the reaction of the iK^arins 

a-jai'i^t the <liaft. 

< )i" t };«■-«• forces, tin* one that .^imws the irn^atest variation in 
rli:tnt«':«r :- :lic load L. I:: many <'ases -as when the engine is 
.liriM-*-iii:. :!«■«•: CM to an •■Ij'i-trir i^tMierator. or to a screw-pro|H'llcr-- 
ih'- !• -:-:ain-r i- a >imph' it»njue, with no t«'nch'n<'y to pri»>s tlic -^haft 
ujMin i!i«' lu'arini: in any particular dinn'tion. In a lonnnoiivc. 
thr •■«-i-iMin'«« i< lamrriinal to the driving-wluvls. In dire<-t- 
ai'iini: ;iir-<'"nij»rr--. »r- anil punij)-. wiiere th(» whoh* en«:in»^ni<Mdian- 
i-m i- n-i'd intTrly t.i rrirulatr tlie sjmmmI and stroke, no ])owrr 
iH'ini: lakt-n l"r«>m \\u' ^\\'M{, thr only resistance to the tiirniniz;- 
mnnirui .11 thr crank i- the an.irular inertia of the whwl, n^ii'm a 

Wlih liir -yiiimnrn-al arranirement of the <-enter-craiik engine 
in 1 "iL.-. "J i'» ">. i: !■- -trii'tly correct to consider the forces on the 
-hall .-i- all a« tinL' in '»nc \crii»':il plane. Ihit in some cjivhi this 
i- ..nlv ;i irj'ii-' r/aimn '»f re-uh:int elYect : with a ■ rank 

eniiLiic. f.'i- in-:ai:-< . ii i- iiecc-^aiy in p) through quite AeX 
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analys^is in order to detennme the forces on the bearings^ and the 
stresses In the shaft. 

(/) The Forces on the Engink-beo. onaccoimt uf steiun- 
pressure and of the inertia of the reciprocating parts, are showa 
in Fig. KM. The rt^ultant of the two steam-} >rf»B.sures on the 
eylinder-heads Is Pj^. The driving-force P^ combines with the 
giiide-reactif^n to give the crank-pin pressure Pc; and this, trans^ 
feiTeil to the center of the shaft according to Fig. 103 !L. and 
then* resijh^d back into its components, gives the forces Q^ and Pj^ 
[.as exerted upon the bearing (the bed) b)' the shaft. 








K 
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Via. 104. — Forces on the Engiiie-l>©d, 

Considering horizontal forces^ it appears that the bearing-pres- 
enre /*„ Is less than the steam-reaction Pe, so that the engine* 
bed is not in static eqiiilibriuin. Separating P^ into two parts, as 
at A, one ajuiil to Pi>, the other to F^. we see that the wnrking- 
forc^ proper do form a balanced system within the machine, as 
shown by the opposing Pp's; but the absorption irf a part of P^ 
on-the-pLston in accelerating the latter, or overcoming the inertia 
J^i, leaves the corresponding part of pE-on-the^*ylincier as an 
unbalanrai force, free to accelerate the whole body of the engine 
in tlie other direction. A close analogy exists between ifil^ state 
of affairs and the recoD action in a gun: there the entire working- 
pressure of the powder-gases (barring friction) acts to accelerate 
the projectile, and reacts u|xm the gun and its mount with a force 
xactly equal to the inertia of the projectile; similarly the engine, 
.ecelerating the slide in one direc^tion, Ls pushed the other way by a 
;oree identical with the inertia- force of the sUde, Thifi force, rajiidly 
hanging and revermng, tenda to produce a shaking effeei — which 
" ' -^ rvQ tremor, perhaps imperceptible, with nijissive foundar 
n\i}y berouic a very serioiis vibration where the founda- 
L lively small, as in marine engines especially. 
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[Chap. VI 



Tho two vfTticul frirrcfs, Q,- at \V and at i}. Fig. 104. ftirm 
rouplr; jukI sine*' this Is the i»nly tiiminc-niomt-nt exortM uf.* 
till' ImhI. it must, nn K<'"<*ral prim-iplos. Ik* wjiial to. and in a -^n 
tlir n-jutiuii a^cainst. the nnunent TR prmluc-fd liv the e-tf-ar 
pn'ssuri' upon thi' crank — an i-fiuivalcnfo whirh will be fully sh^M 
in ('nnnrrtidii with the tnrnin^-fnrco rrlatinns. It Ls through th 
c-niiplr that tlic load-tonpii' is frit by tin* cnpinf-lxKl. 

If tilt' Inad-fnrcM'. like L in I'i^. KKi. is steady and uniform, 
simply develops a stress in the foundation-l)olts. whieh can easiJ 
he provided for. 




In. lo."i I!ty<rt iif till' ('iMinlrri»alaiirf. 

1./) ('mini 11(11 M.wriNj.. The method us(h1 to rliminish th 
li:iKirii' rlTrri «»t' t lir incit i.'i ^A the ret'jpnM'jitin^ parts is shnwi 
in I 1" !»»"» I 111 ««»iiM-t- ill j»l;ifiiiir MM eri'rntn<- mas-: (unhe crank 
ih I.. ..|.|H. It.- ii|i- rr:uik-pin: it- cfiitrifujral force /•",. will hav: 
I ■'Hil'"ii. Ill // :iii<l r :ii thr miirr (if tjic shaft: and tin* foniii' 
:i' I .1" mi ! /, !i-'luii?m ilh' hnri/i»ntal >haki!i<c-force to {l-\-U) 
*M ..<ii i-. I'.i .iiiii'.hi'-i-- ihi' \:in:il>l«' free veriij'al ft>r<'e V \ aiii 
ill- I'T.'i- t III iiiM- ?ii;iL'!iii Hill- i't' . /■', //) and r is to he (IrtiTiiiiin'i 
I'-, ill' li'ii.Jiii.iii «'!" iln' pMi-tiriilar rasr. When nn sjM'cial n'<niirr 
in< MI o. iiiijio .-.l. ihr l.»i:iral pn HMMMhiiv: is to mak(» them aluni 
«'l>iil 111 linn iii:i\imi!ni \alui"« which maxima are not simiil 
I OM'-i; I'M! .11. .'M.MMir.l 1»\ mIhiim ♦!()' uf crank travel. 

\N • 'i.iv I. "A ii»\rir.l in a L^ciu'ral way tin* whole matt*- 
«'i il"- m'."!i •'! Ill- ii'ici M! M'c wnrkiiiir-mechanism or " nain 
ii.Mii' .■! till iMi:i!u- "I'lic iir\: -!cp is In ;:r) over the saiin* ;rroiiii' 
I" 'l«i.iil. ili\ I'liipiii" ?!!i-t!iinl- xA tirtrniiinih'j: the values »»f al 
I 111- Iniir.. ami .'liiiKiii". the iiiaiiinT and the eiTccts of llieir wifia 
I mil The steam pressure i- detrnnincl -an'l lieierniinahh" l•n'^ 
l»v the indicator diagram, whoM' I'linn \\c alrea-l\ knov. ; i": 
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leaves the ir^^ia-force as the important unknown quantity; and 
to find out its value we must make a complete study of the motion 
of the engine. 

§ 33- EinematicB of the Engine Mechanism. 

(a) CoNSTRAiNKD MoTioN. — III any problem upon the motion 
of freely moving botlies, it is necessary first to know the forces 
acting, and then to determine the resulting movements. In a 
machine, however, the parts can travel only in certain definite 
paths; and when, fiirtherp a major condition can be imposed 
which \s111 entirely determine the motion of one part, that of the 
others may be derivetl by purely kinematic (that is. geometric) 
methods. In the steam-engine this major condition is that the 
shaft or crank shall rotate at unifonn specfl. 

Thb uniform rotation is, of course, secured by the use of a 
fly-wheel; and in no engine is the uniformity absolute. But in 
the vast majority of cases the variations in rotary speed » within 
the revolution, are insig!uficant ; and their eflfect upon the ver>^ 
large accelerations of the reciprocating parts is negligible. 

(b) Haiimonic Motion,— Before taking up the actual engine- 
mechanism, consisting of bed, slide, connecting-rorl, ami crank, 
we will iliscuss the simpler mechanism outlined in Fig. lOG. In- 

s 



I 

I 




V — ^v 






Fro. 106.— The Crossed Slider-crank. 



Fio. 



107. — Diagram of Piston^ 
displacem<?tjt. 

stead of the connecting-rod, there is a cross-slot SS fonned in the 
slide TT, in which works the small block W surrounding the crank- 
pin C* The simplest motion that can be gotten from, or deter- 
mined by, a rotating crank is the hannonic motion of the projection 
D, of the pin-center C upon the diameter AB, along that diameter. 
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ond to the motion of the whole slide. Then in Fig. 108, Vq being laid 
off from C perpendicular to (K?, its horizontal component is 

v=VQsma (20.>) 

We know that when a point travels in a circular path with tlie 
velocity v,,, its acceleration, radially inward, is a^^v^/Ry where v 



^-^ N 



/ 



/f3l 






AT' To Fb aI '~^" '7B 

Fig. 108.— Velocity. Fig. 109.— Acceleration. 

is in feet per second and R in feet, if a^ is to be in feet per sec- 
ond per second, the same terms as g, the acceleration of gravity. 
Ikying off this a^ as shown in Fig. 109 and resolving, we get 



R 



a =ao cos a =~- cos a (204) 



(r) Analytical Derivation. — ^The same results can be ob- 
tained by an analytical method which will be especially useful 
when we come to the actual engine-mechanism. In a very short 
time dt the piston will travel the distance ds] and, under the 
action of acceleration, the velocity vrill change by the amount dvi 
then froni the primary definitions of velocity and acceleration, 

'-% (»> 

°4'-S <■-»> 

Also, for the relation between the linear motion of a point 
at the end of radius R and the angular motion of this radius, we 
have 

vJt^Rda\ 




TTje limitg of the pKoo-stroke are clrtfiininfd bf mmlring 
AM=B.V=L. The pistoQ-traTeL as sfaovn in Fi^. Ill, is not 
AU. biit MW. fotin^i by striking off CW &wn C as a o»ter. A 

^'Of lift njrt ion which will gi\-e this tra%'Fl « for anr ciank^Msition, 
without the trouble of thus striking off the rod-length each time, 
hi rna/le by drawing the arcs A'A, B'B, tangent to the crank- 
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<circle, from M and N as respective centers. Then for any position 
<rf C, it is only necessary to draw A'CB' parallel to AB, and C 
will be located on this line just as W is on MN; for since the equal 
lines MA', WC, and NB' are included between parallels, they must 
be parallel; whence A'C=MW. 




Fig. 111. — Piston-traveL 

The analogous construction in Fig. 107 is made by drawing the 
«traight-line tangents A'A, B'B: and it appears that the efifect of 
the connecting-rod is to introduce a curvature into these limit- 
lines. Since the straight lines in Fig. 107 may be thought of 
as arcs of infinite radius, the motion there represented is often 
spoken of as that with infinite connecting-rod. Another view 
of the same conception is, that if the rod were of infinite length 
its angular swing would be zero, and the piston would receive har- 
monic motion without distortion. In Fig. 106, this ''infinite 
rod'* is replaced by the simple sUde-block W, the piece which 
forms the connection between the crank-pin and the sUde; and to 
carry out the idea still farther, we can think of the surface of the 
«lot as a small part of the surface of a wrist-pin of infinite radius. 

(e) Velocity and AccELERATiON.^The analytical method 
will be employed first, as it is shorter and gives results in a very 
useful form. From Fig. 1 1 1 we get for the travel s the expression 



5=MW=M0-W0 

= (L-\-R)-{L cos /?+/?. cos a) 
=fl(l-cosa) + L(l-cos^); 



(210) 



where the second term, L(l — cos/3), shows the departure from 
the harmonic motion represented by (202), or the effect of the 
connecting-rod. This is evidently the distance, on the line A'B', 



between 
Toe 



MECHANICS OF THE ENGINE. pQur.VH 

CBTTOi Umit-lmei AA', BB' of Fif- UI ukI tk 

responding straight Itiu^ of Vig> 107, 

,t« the rod^iigjc ^, wl» note that, in Fig, 111, 

If thiii is ileveloped l^ the Binnnii Foftniila, the* firm two lenm 
am 

coa^-l-ipsin'riV **•*.., (2111 

and the siicrcfKihijr terms, Involvini: lii^f-h powers of fractiotm, maf 
Ix^ (]n)pp<Hl witliout overpaBainig the limits of deairetl accuaey, 
Tbea E<i. (210) Ijccornei* 



and from this 



["^J?! [ -^^^^'^^L *'^'**)» 



"di 



^Ri^sin a+^j^ Sin 2a j^ 



Likewise 



=Vo(sin a-fy^ sin 2a j • (212) 

dv / ^R o \<^ 

a = ^=t.o(co8« + -^co8 2aj^ 

=^(cos«+J eos2a) (213) 

It is possible to work out a strictly exact formula for a, in terms 
of a, avoiding the approxhnation of (211); but it is quite complex, 
and the gain in accuracy is practically inappreciable. 

Before discussing the variation of v and of a, and comparing 
the motions with finite and with infinite connecting-roil , we will 
develop the graphical methods for determining these same motion- 
quantities. 
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(J) Vetx)city by Graphical Relations. — It is a fundamental 
principle of kinematics, that if a body has motion in a plane, and 
if the direction of movement of two points of the body can be 
determined, then the intersection of lines perpendicular to these 
motion-directions determines the instantaneous center of rotation 
— a point about which, at the instard, the body is rotating as about 
a fixed pivot. In Fig. 112, CP and WP are drawn perpendicular 
to the paths (or to the velocity-directions) of C and W, and P is 
the instantaneous center. 




w u 

Fig. 112. — The Instantaneous Center of Rotation. 

If now the connecting-rod can be thought of as turning, for the 
instant, about P, the conclusion follows that the velocity of any 
point on the rod is perpendicular to a radius from P to this point, 
and is proportional to the length of this radius. The fact that P 
changes its position from instant to instant, or from position to 
position of the mechanism, travelling along a curved path or locus, 
does not at all invalidate the statement just made as to the velocity- 
relations at a particular instant. 

For the point W only the second of these two relations need be 
used, as the direction of v was part of the data: and we have 

r:ro::P\V:PC (214) 

For any other point as E, we first draw a direction-line for t'K, 
and then find its value by 

:PC (215) 



I'o : : PE ; 



210 
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A practical <iL<a<lvantax:e of thi? r:.**thriii i- t^ia: h ir:"n.:-.«i 
I'lT «.f tniuMffsf'iiiif* in^j»hical work, in the •irawinii •^•f ]<tuz hr:^^:;) 
L'«-i 1*. ami in satLsfyij:c the jimjitiniori 214 f#r 21."» . A ::.\.n. 
i:i«in* miivfiiieiit foii«t motion ?iicpe«t* it«-lf wheu "Re zifce :Vjx 
t!i«- linr < 'H. tliroutrh the .rhaft-ceiiter <">. peiyieij'iiciilar to the ?:n.VK 
liiir Wn. himI iiieeiiiiir the n*l-liije \VC at B. make? a thaiicle « *W 
.Mmiiar in I'WC. so tJiat 

'■ : '■. : : nR : r»C' JU; 

Ami if. further, siieli a n-alr U* ehuesen that iMS = r^,. then a: m^.v 
nli - r. 

ot ■ 




•2\:\ 



o 

Kn ; . 1 1 3. — \>Ux"ity Relatioiu*. 

'Vhr triir<»in>iiiririral rrlation Ix'iwooii OB an«l OT is illustratt' I 
in I i'j 1 K5. wliirli >hi»\vs parts of V'm. 112 eiilari:*''!. In the tri- 

« »U >iM « K'H Mn_ia-^,3f) _v 
< >(• >in OHC eos .y "" j\/ * 

'/ \!l«MII^ ..1 v\^ IN>i\T «»\ THi: Rod. — To apply tiiU 
H'liMi-i . i.!i-in!cti..n (»f i)\M\ as distinjrnished from the oxtfinh^l 
• "!■ • I :. I .,i', m1" I'WC. to thf prohlrm of liiuiinu iho vehx'ity of 
:i!'^ p".i ! ill !!«• cuiinrctiiiLi-ro'i, wc returii to I'ii;. 112. ainl «lr:i\v 
!i."- « • ;!:•• I:;..- 1 ».' |.:ir:illrl to PK: lh(Mi the iriaii^irs < )e(\ PKC, an^ 

•».•:(»(• pi: : W /v. : ''., '.-l'^' 

! !■•■ ■■ '■'..' im'iktmI H»:-il.'irit\ nf llie figures 1*\V!-X\ < )Be(\ it fnl- 
!. \' 'li.i: .' .Ii\i.!.- ( T. in On* >aii:e ratio tliat K <liviiles CW: an-l 

■ ■■ :< I :.>:!i!.l : in- \rl..iit \ of ;tiiy point M on the. nnl. we let ( K" 

■ :..■ -•!. Mil' lii.r ['W !(M-;i!t' a pnint r. p'omctrically simihir ii: it< 
I.' :'i..:-. r.. jl-.i- |M.ni; I! i.n \\\r Wuo C'W: then Of is ihc tlf-inl 
\ . l.M >: \ . ;i:i.l jn-^i MS i K' is piTpcnilicuhir to /;,, so r,. is pcrprndic-.iiir 
i.» I hi' inu' y U\ 
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In Fig. 114, I. and III. are enlarged from Fig. 112; and from 
them is derived the construction given in II. and IV. for most 
conveniently finding the velocity of any point on the connecting- 
rod at any position of the mechanism. First of all, in I. and III., 
the scale of the drawing is such that OC represents the value of v^: 

^^ v_, 




Fio. 114. — The Velocity-image. 

and then the figure OCeB is rotated about O, through 90®, imtil it 
takes the position OCEW in II. and IV., with OC parallel to v^, 
and therefore completely representing this velocity: then all other 
velocities — ^the particular value v and the general value v^ — are 
likewise completely determined, as indicated. 

A more concise proof for this construction may be got directly 
from Fig. 112, reproduced in Fig. 115, as follows: 

In I., lay off from P, 
along PC, the length PC 
representing r^ to scale: 
then the line C'W, par- 
allel to WC, will satisfy, 
for the velocities, the 
condition of proportion- 
ality to instantaneous ra- 
dius; and the length of v 
and of Ve will be given 
by PW and PE'. Now 
C'W may be thought of 
as a reduced image of 
the rod: it is similar to 
CW, and could be formed by the device of finding the velocities 
of an indefinite number of points of the rod, laying off these 




Proof of the Image. 



THE MKCHANKS OF THK KNUINE. [Chap Vil. 

■' irf»ni 1' :is a contor or jh)1(\ ami drawinii a Invua of t:irir 
:-. l'in:illy. to sIuav the vHocilit»s in liinH-tiuii •d<\\\:[\ 

■TV. '\\r liirun* I*\V'(" is rotato*! tlir(>u«rh *,X)' iIkto baclc- 

.:tms^ tIm- liirortifui of cTaiik-rntatioii) into thr }>.»si*.i?:i 
II.: :iiiii the conilitioiis that the vel(»eit>- >hall U- litti:- 

. '\\r Irfiirtli ami ilirertioii of the instanlaiieniis ni'iii>ar( 
• ■ • n.-»t ri»ii\rniiMit manner. 

. '!ii'\ I" lin<l the vi'l«M'ity of any point <in the ciiiimHTins. 

I imii li |»i:irlical ini|M)rtani-e in tljr >tii«ly (»f the U"rki:ic 

Li'iii': :in«l this inia^(M'tinsti*uttinii is ^iven. iu»t hi nuirh 

:.M ■■{ ii- «'\vn \ilihly as hn-aiisf it prepares the \v:iy f.:r 

, ■.- ::i«'ihi»il of liniHng the aeceleratinii of any jH»ini un ri.r 

■ ' \. ! ni-- TIIK ('•>\M;<TI\t;-m)li. — In V\iZ<. 112 T.. 

A.< t l:;trarii ri>ti<' (•mm'>. fur ilu' lirst an<l >rr(inil ni:;ia- 

• ■ ;w'\ •'!* ili(» fr;ink-ini»tinn, an- shown. In <|ua«ir:iiii 

» - -*':i*<r than >in a, in <piailrani II. it is Jess: f.^r 

.. « '1 A.iil.i Ih" hi)ii/.<»ntal. ami tlie twn r|iia«lrants svin- 

:!■«■:!!'-. ihrnfuH'. that the rffcrt f>f thr r-«»nnfrtini:- 

^'':i'i'r in tlir fir>l ipu-uirant. an<l h-ss in thexv-nrni. 

: ■ -i'-n. li i> !•• In- imtttl tliat ihi- «i«'t«'rniir;ati<'i. 

-. ■. • !it.ii-ir];iiiiMi< nri'il not ]»r ciiriij-ii ihrm:;:!. 

i>i:iilr:inl-^: iM-ransf fcir rra;:k-|n»-;!ii':;- 

i;i 



: A . 



■i-\ In ihi" ^Imkr-linr. as <»(', an-l »K 



I 
iii:l all .i:«'oini'lrii-al n'lation> an'i t-Mn-in;'-- 

'■"ntr:n-i,',| con-triidiiins in lii^s. ll.S :i\A 
'":.'■ !-"!-;inL:K' ^i Im* known. To -:i\r \hv 

.! -; ■.'■ liii'nr nf \\\r mcchanisin, ilu* rr<iMr.'.i 
.. 11»". !:.:i\ lu' n-i-«l. lUrr .\(\U i- i!if ri:ji 

:;.":::;i:-.;ii' crank-firrlr witliin it is dniwn 

t>l», ^ A': 

' '1 '. ■■' :>' '-i:!! railius A* is tnkt'ii !■» !■.■:■'.- 
. .:':.:.>. J: i-.«v:-i'rt pri»i».>rt !• «n . i- ii-i-i ■ 
. r.:.. .;:\.': . !" \'a \\) In \\\ (> i- .■\:.lri::: 
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Mnd the reader, instead of formulating a rule as to where to put 
I> and E in every case, will do better to keep in mind the form 
of the mechanism and make EOD correspond. 

G. 




Fig. 116. — Rod-angle Construction. 

(i) Veloctty Analysis. — ^The relation between v and v^ can 
be found without the use of the instantaneous center; and the 
results of a discussion along this line, involving a more detailed 
study of the movement of the connecting-rod, form the founda- 
tion of a deduction of the acceleration of W from that of C. 





Fig. 117. — Velocity Components. 

In Fig. 117 I., the known crank-pin velocity Vq is resolved into 
the components v^ and u^y along and perpendicular to the center- 
line WC; and v, at W, supposed to be known, is likewise resolved 
into Vs and v^. Now the relation through which v is derived from 
Vq is that the components along WC must be the same, or that v^ 
must have the same value at both ends of the rod: this follows 
from the fact that WC is a line of invariable length. This relation 
Is applied in II.; first v^ or CE Is projected upon the rod-line as 
CF; then EF is produced until it cuts off the length CG =r from a 




the fd u c ity v 
poonl CF, and the 
The trimi«|e CBG ■ 
kadi at once to Eq. CHi) 
mFig. 115 IL 
We most 00 
or of the totil ▼dochj « 
CBG, the othff two 
conidcr the mmmmt of the 
the paths of C and W, as a 
Bj a trmmlatioD-iiiotian of a bod|r ii 
points of the body more m 
or curved, but whose 
words, a motion in lAuA 
are parallel to each otho*. In 
component would be a motioo right 
the rod, and the roUi 
this line. 



WCd 




Fio. 118.— Center of Roiatian. 

To find this point, the one whose actual, total velocity is alon^ 
WC and klentical with r., we can either drop a perpendicular from 
the iMtantaneoiB center P upon the line WC, at F in Fig. 118: or 
^1^ diaw the fine KL thiou|^ the ends of the two us and find 
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the point F where it intersects WC. An equivalent to the first 
construction is seen in Fig. 117 II., where CF, from the pole C, 
perpendicular to the velocity image EG, locates F just as PF does 
in Fig. 118. 

If desired, the angular velocity of the rod could be found, by 
dividing the radius-length FC into t^, or FW into tij, or the whole 
lod-length WC into the total cross-velocity u, shown at EG in 

Kg. 117 n. 

(]) Derivation of Wrist-pin Velocity. — In the engine- 
mechanism, the primary mo\dng part is the crank, and the motion 
of the connecting-rod and of the slide is derived from that of the 
crank-pin. With this emphasis laid upon C as a driving-point, 
the ultimate analysis of the motion of the connecting-rod is into 
translation with C and rotation about C. Then in Fig. 119, W, 




FiQ. 119.— Wrist-pin Velocity. 

like all the other points on the rod, would have, on account of 
the translation-component, the velocity v^; and W would have 
also, on account of the rotation of WC about C, the linear velocity 
u; and the resultant of Vq and u must then be, of course, the actual 
velocity v, along the stroke-line. 

Now we see that, in the triangle OCB, if OC is Vq, then CB is m, 
and OB is the resultant, having the relative direction marked in 
Fig. 119. 

(fc) Acceleration of the Wrist-pin. — ^With the velocity- 
analysis shown in Fig. 119, it is easy to proceed to a determina- 
tion of the acceleration of W from that of C. First of all, if the rod 
had only a translation-motion with C, then every point on it, 
including W, would have the same acceleration as C. The accelera- 



2:^-1 



THK MW;HANI'> ^y\ TKfc £>'xrN£. 



tif»n of the rrank-piri '•f^ntpr. n^^^r^ f*. id inr.^m ir.i: ^ •-rr*- 
wiitfvl by CO in I'iir. 12^). 

'I Ih* ar-cclirnitiori ^»f W i- •i^terTmr^^' i.i :-r=*i—^ir. i.- - ';.:>-: 
U' alfnitr WO: «?ipfKr^' it r»-!^>ivf-j: i.'.to '.r.t* ■:••. -• '".e:-.T> L' ■ -J 
H-i'l fHTjjfijrlifular to th^- fri-lin*^ Wr tr.i^r. z -^-^ ':i/ r:..: -t^ 
r iiiifKiruTit along thf- ni»l. :l.^* vai;^ of '.'t.^ r»=^i:>-ir.:: tt-. it r..> 
Kffriiiif known. On a'-fo'Wit 'tf "Kf •-rx'>Li:.rr-*i*r-.-#r.e'".* r" ■ »» 
r> I's motion, thr- yKjint W u/,i.i ; r^-.r :ie i»!i.^ierj.^i.c. lL :x ;, 
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or 



CE' CB^ 



WC WC 

In the figure, GC and CA are in the same direction, so that 
the total acceleration along the rod is GA: and the correspond- 
ing acceleration HO of W is cut from the stroke-line by the chord 
EF, as appears from the triangle HKO, the same at WLM. 

It is a mattier of some importance in this connection to show 
that if CO is used to represent both Vq and a^ (in general, to differ- 
ent scales), the acceleration GC will be to the same scale as a^. 
If m is the scale of dimensions, so that m inches of drawing = 1 ft. 
of R or L; and if n is the scale of the velocity-diagram, so that n 
inches of drawing = 1 ft. per sec. of velocity, then 

_V_OC' m _m 
Again, 

This deduction seems to be easier to grasp than a statement 
made simply in terms of general principles. 

(/) The General Case. — ^The common form of the engine- 
mechanism is, as to motion, the simplest arrangement of the four 
pieces or "links" which are -^ 

its elements, but it is only a c/^^ 

particular case. The general ^-^'"^"""^'v^cu 

form of the mechanism is ^ ^* 

shown in Fig. 121, where the w^^-^^ " '^^^^ — ^- 

strok^line WQ does not pass j,^^" ui^TG^ne^C^^ 

through the shaft-center O: 

and a few engines are built with this arrangement. Further, 
Fig. 121 is generalized in another direction by assuming that the 
crank is no longer limited to uniform speed of rotation : then the 
acceleration a^ will have a tangential component besides the cen- 
tripetal, and will be off the radius, as shown. 

The graphical methods of Figs. 117 to 120 can be applied to 
this general case quite as well as to the standard mechanism — in 




f A #i^4it v# iit Hit 

n^ff}^nftf^m fn two ^nirw, as €i^ ann • cm v aaa vt , aaa looi ran 
A f/<ffrf v^hiz-h ntiiw^}^ the g^mMtheal tm ii Pii i iM i tlHtt fiaa drawn 
IfMii >r f/^ r: mA W will make the mam ma^ with CO and WO 
fMf^'/ ffv/'ly, /iff/l in }#<Tigth \jit proportiofial to i^ and a. The eon- 

n\t\if'\utu, (\t'yi'\ff]f4H\ in Fig. 122, u as foDows: 

f/^ttinK r/i H'j/H'Hi'nt ^/», meamire baek Ow equal to a, and join 
Cw; M<t |»ro(|(i/7^ Cw t/i W, making CW'-CW,draw W'A' pml- 
M Ui tt, iiiu\ prodiKfi (!() i() meet it at A': then in the figure A'CW', 



A'C wio : : A'W' : a. 

Nhw Mwlfig thr triiuiKic^ A'W'C around C, imtil it comes into the 
|immI()hii AWC: (Ihmi A'C- and A'W, originally having the same 
ilhiM'lldhM Mr4 <i„ Hiul (», ami being parts of a "rigid" figure, must 
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make the same angles with their respective original positions : so that 
jmgle ACX) = angle AWO, and A is the center of acceleration. 

To find the acceleration of any point as E, we draw the radius 
AE, make angle AEF= angle AGO, and get the length of EF by 
the condition 

EF :AE=OC: AC. 

(n) The Acceleration-image. — ^The construction just given 
is a complete solution of the problem, but involves too much 
^aphical work, in appUcation. The short-cut method, analogous 
to that in Fig. 114, is also developed in Fig. 122: 



Fig. 122. — ^The Center of Acceleration. 

First, swing the figure AWC back into its original position A' W'C, 
-carrying with it the point E and its radius AE, to A'E'. Imagine 
the acceleration-lines WD and EF to go with their points to W^ 
and E', being pivoted upon the figure at these points, and turning 
on the pivots so as always to remain parallel to their original posi- 
tions: then by the time they get to W and E' the acceleration- 
angle AWO=AEF=ACO will have been eliminated, and each 
acceleration will point along its radius, CO along CA', WD' along 
W'A', E'F' along E'A'. Now, in order to get the acceleration of 
any point E on CW, we need only locate the corresponding point 
E' on CW and take a certain proportion of the radius E'A'. 
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(6) Acceleration op the Sude. — ^The simDar diagram for 
acceleration is based on Eq. (213). Evaluating the factor 



m 



= ( cos a +j- cos 2a ] , 



we have 



a = 



m- 



(-r) 



90" 
L 



180° 



-('-f) 



270° 
L 



Also, for a =45°, 135°, etc. (that is, for any mid-quadrant crank- 
position), m = ± cos a. 

Now in Fig. 124, the radius of the circle is a^: and for infinite 
rod it is evident that the horizontal distance CE', from the C-point 
to the line GH, will give a, 
according to the relation a = 
Oq cos a. For the actual mech- 
anism, GH must be replaced by 
a curve analogous to the D-curve 
in Fig. 123: three points in this 
curve are got by laying off 

OEo=GEi=HE,=^AO; 

and two more by noting that the 

curve must cross GH where 

m = COB a, at the mid-quadrant 

points Kj and K,. Without any further determinations (unless 

the figure be very large), a fair ciure can be drawn through these 

five points which will be the locus of the end of a, measured always 

from C toward the E-curve. 

These two curves — ^the locus of D in Fig. 123 and that of E * in 
Fig. 124 — show, by their departure from the straight lines AB 
and GH, the effect of the connecting-rod upon the motion of the 
slide. 

(c) Motion Diagrams. — In Fig. 125 are shown diagrams of 
displacement, velocity, and acceleration of the piston, first in 




Fio. 124. — ^Acceleration Diagram. 



* This E-curve is a parabola, but that for D has a more complex equation. 
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^iMtfmonic motion, and all three are simple sine-curves or sinusoids: 
vrbile the full lines are for the actual mechanism, with the rod-ratio 

^% or L=5R, 

As to displacement, we note that the piston travels farther 

Iduring the first and fourth quadrants than during the second 

"Vind third. Referring to Fig. Ill, we see that the mid-stroke 

"position of W is at the distance L=n/J to the left of O; and that 

J[[^ when C is at G, or a =90°, OW will be the base of a right triangle 
of which L is t he h} T)otenuse and R the other side, so that 0W = 
VL*— /J'=/jVn^-l. Then the distance of the piston from mid- 
stroke for the crank at 90° is, expressed in terms of the stroke 

- rather than of the radius, 



Sq=S j7 . =mS. 



(220) 



From this we get 



n = 


3 


4 


5 


6 


8 


TO = 


.0858 


.0635 


.0505 


.0420 


.0314 



Compare values of s for 90° in Table VIII. 

The velocity-curve is similarly distorted: and v has its maxi- 
mum where the acceleration a is zero, or where the curve EjEqE, 
crosses the circle in Fig. 124. Using Eq. (213), and solving the 
equation 

R 



we get 



cos a-hj- cos 2a =0, 



cos a + j-(2 cos'a — 1) =0, 



whence 



cos'a+i -^ cos a=i, 



cosa=J(\/8-|-n'-n). 
From which the following results can be got: 
n= 4 5 6 



co8a= .2248 
a = 77° 1' 



.1862 
79° 16' 



.1583 
80° 54' 



(221) 



8 
.1213 
83° 2* 
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Ting off lengths 

11 ic same device 

images, and the 

I at for velocities. 

•I these diagrams for 




1 27. — Acceleration of the Rod. 



it of the rod. These figures are drawn with 



laiic analysis in these two sections covers the 

y. and goes rather beyond ordinary requirements: 

: arc of constant practical application, others are 

1 1 lie interest, as leading to a full understanding of 

1 1 10 very important application in the matter of 

'•('lorating-force and inertia will now be exhibited. 
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§ 35. The Working-forces in the Engine. 

(a) Inertia-force of the Reciprocating Parts. — Kno^ 
the acceleration a and the weight W of the sliding parts — ^wl 
are supposed to include a portion of the connecting-rod — ^we h 
only to multiply the mass M (equal to W-i-g) hy a in order to 
the force F = Ma required to accelerate this mass, or its inei 
force. Then for the mechanisms discussed we have, 

For infinite rod, 

W r ' 

F — ^cosa; {2!, 

9 R 

For actual rod, 

F=— J/^cos«+Jcos2a) (21 

W V * 
In either case, — "D" is the centrifugal force which the recij 

eating mass would have if it were concentrated around the era 
pin center C: this ideal centrifugal f()rce will be called Fq, and 
actual inertia-force is then a component of Fq, given by 

F = FoCOsa, (2 

or by 

F=Fo/^cosa+^cos2a^ (2: 

The value of F can bo foimd, for any crank-angle, by a diagr. 
like Fig. 124, but with F^ instead of a^ as the radius. As to dir 
tion of force, it must be romombored that accelerating force \ 
point toward the center or toward the limit-line GH or EjE^j^ 
while inertia-force will j)oint outward, or away from the mid 
of the diagram. This is illustratCKl in Fig. 128, where the two ca 
as to form of mechanism arc separated, the two diagrams emboc 
ing Eqs. (223) and (224) rospe^c lively. 

Those diagrams are not, liowovor, in a shape suitable for 1 
dirot't combination of inert ia-forco witli steam-pressure, since 1 
latter, given by the steam diagram. Is laid out on a stroke-line ba 
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The derivation of an inertia diagram in these terms is shown in 
Fig. 129, where, in I., the diagram from Fig. 128 II. is smrounded 
by another diagram, for piston-position, like Fig. Ill or Fig. 125 I. 
From this we get the two co-ordinates for the curve in II., the 
abscissa s=MS at FC; the ordinate F = ST at CE. For the 
actual mechanism this gives the curve PQR, for infinite rod, the 
straight line JKL. It must be clearly understood that this is a 
G E, 




H E» H 

Fig. 128. — Circular Diagrams of Inertia-foroe, 

diagram for both strokes, as is indicated by the numbered poritions 
on both figures. The meaning of plus and minus (up and down) 
ordinates in II. is shown by the arrows. 

That JL must be a straight line is evident when we consider 
that, with infinite rod, the distance SK from mid-stroke and the 
inertia-force F are both proportional to cos a. With the curve, 
the areas PMQ, QNR — ^the first representing work stored in the 
moving parts from zero velocity to maximum, the second that 
given back during retardation — ^must be equal. Note that the 
dead-center acceleration is always greater than % at the head end 
and less at the crank end, the ends being taken according to the 
conventional arrangement in Fig. 110. 

This diagram can also be plotted, very conveniently, with 
ordinates computed by means of Tables VIII and IX. 

(6) Calculation of Inertl^-force. — For combination with 
steam-pressure diagrams, the curve of Fig. 129 II. must show 
force per square inch of piston instead of total inertia-force; the 
equation for its ordinate is then 



-J =-/( cos a +y- cos 2a J 



(225) 
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As a preliminan' to the graphical construction of Fig. 129. tk 
value of f\ or of FJA must be kno^-n ft»r the particuLir ennne. 
Starting with 

and substituting, from (207), ^-^, we get 

flo-^'/?; (•-^^■ 

where R is in feet and in radians per sw^md. If .V = Hr.M.. 
then the angular vekKUty will be 

^=2rf}--.im72.V .J27) 

If wr wish to use the stroke N in inches instead of the cnink-anu 
h ill f«^»t. we sul)stitute .SV24 for R in (226) and fret 

Nt>w. for the it leal eentrifu^al fonr F^ we have 

\ Mlnr< (A the constants (I. (P 21 (', and 0' 2\tj==(\, an* «:lv<'Ii 
ill r:il»lr \ 11.. for ditTcrrnt valutas of .V. To pet eentriix'tal acnl- 
<r;iiioii. ninhiplx thr strok<' in inches l>y the pro|KT value i>\ i\: 
t.» Mi'\ ihr ccntril'ii^^al force of any weijrht \\\ multiply it i>y its 

rnt;i! loii-.liaiiirtcr N in inches and by i\. 
.\«»ir that 

"''^- '1- itm 

2 1.7 f/ 

i- tin- r:iti«» nf the <M'ntrijH'tal a<'<'cl(Tation to the aee(»l(Tati(ni of 
uraxiM: an«i >iiicc t'orccs arc j»roiH»rtioiial to their aeeeleratioii- 
<'!«(t<. :hi- iiiu-t l»r the ratio of /•'„ to U': then we have only to 
n.i!hipl\ r. 1)\ N in onler to s(m» how the centrifugal force (jf a 
Li\eii i:ia<> will compare witli its weij^ht. 

li* we snhstituie in (229) \V/A instead of U*, we p't /•'., .1 
• lirectly. Ju practice W/A v«»i-Q from 1.5 to 4 li)s. in enirino 
intended to run at any • qieed. 
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Example 1. — An engine 14" diam. by 15" stroke, 250 R.P.M., 
has a connecting-rod 42" long, and its reciprocating parts weigh 325 lbs. 
Find angular velocity of crank, linear velocity of crank-pin, centripetal 




Fio. 129.— The Stroke-line Diagram. 

acceleration of crank-pin, Fq and Fq/A; also the value of F/A at the 
dead-centers and at 50® and 125° of crank-angle. 
Angular velocity of crank : 

e - .10472 X 250 - 26.180. (See Table VII., col. 2.) 

Linear velocity of crank-piii: 

SN 3.1416X15X250 ,^,^^, 
''o"'' 1260^ 12X60 -16-36 ft. per sec; 



or, from Vq^OR, 



Vo -26.18X^-16.36. 



Centripetal acceleration of crank-pin: from Table VII., for 2.50 
R.P.M.,Ci -28.56; then 

Co -CjiS- 28.56X15 -428.4 ft. per sec.^ 



Here, 
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Centrifugal inertia: again from Table MI, C, -.SSSO; then 

C55-^-15X.888-13.32; 

so that 

Fo - 325 X 13.32 - 4440 Ibe. 

From Table VI., A - 153.9 sq. in.: and 

5? .4440^. 153.9-28.85 lbs. jjer sc]. in. 

-7- - "77^ - ^rr, : then at head-end dead-ornter, 
L 42 o.b ' 

F 2S.S5 

-r - 2SX5 + V;^- - 28.85 +5.15-34.00 lbs. ; 

-I 5.6 

and at the crank-end dcad-i'ente- 

j - 2S.S5- 5.15 - 23.70 lbs. 

Now wo cannot take values of m directly from Table IX. for L/R»oS: 
but usinp cols. 2 and 3 of the table we easily get, 

For Mr, m - A\42S - - /'V - .(>428 - .a310 - .rtl IS: 

.3420 
Vnv 1 2.")^, m - .ru'M\ .-;. ..')73r» - .0<U 1 - - .^347. 

And \\\r KMiuircd viiliics of F,A arv \7Ai'y llw. at .VF and - 18.30 lbs. 

at 12.") . 

(r) 1]ffi:(TIvi: Duivincj-p^okck. — In Fig. 130 a pair of indi- 
cator (liajrnmis, from tlic two ends of the cylintler, is shown at I.: 
and l)y means of mot ion -arrows the fact is made clear that the 
forward-} )rcssuro lino, or steam-line of one end, as AB, is siniiil- 
tan(M)us with the i)ack-j)ressure lino, or exhaust-line of the other 
end, as (HI. So that a subtraction of I\ from Py for the whole of 
oi\i'\\ stroke, trivintr /V.— refer to Fig. 101 — is made by the com- 
l)iiiatiori In 11.; where MCIHX (crank end) is suporimjx).^eil on 
MAHN (head-cml); and where the efTective .<eam-pressuro I\: 
is iriven hy the ordinate intercepted Ix^tween the curvets AB an<l 
GH. Note that whereas the indicator cards in 1. are for tlie two 



§ 35 (c)] 



WORKING-FORCES IN THE ENGINE. 



267 



ends of the cylinder, the two diagrams in II. are for the respect- 
ive strokes (compare § 20 (6), Ch. IV.): and further that, with 
high compression, the back-pressure will rise above the forward- 
pressure toward the end of each stroke, so that the mechanism 
will have to drag the piston to dead-center instead of being driven 
by it. In § 32 (6), the pressures Pp and Pb were defined as abso- 




FiG. 130. — Effective Driving-force. 

lute pressures, above perfect vacuum; as shown in Fig. 130, on 
diagrams from a non-condensing engine, they are measured above 
atmosphere: but since their difference is the result sought, either 
datiun-line can be used. 

The diagrams in Fig. 130 II., where the variable ordinate p^ is 
included between curves, are brought to a more convenient form 
in III., by measuring the ordinate up (and down) from MN, and 
getting the pE-diagrams MABCN, NEFGM, on straight base-lines. 
The inertia-force diagram can be combined directly with these by 
laying it off on the same base-line — being inverted for the return 
stroke because the direction of positive or forward-acting steam- 



VIL 
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values; but with an inertia-curve for Fo/A=36 lbs. and L//2=6, 
the greatest value of the eflfective driving-pressure is 74 lbs. per 
square inch on the forward stroke and 77 lbs. on the return stroke. 

By measuring areas, and taking the area of the whole figure 
ABCDEF as unity — this area representing the work done by the 




Fio. 132.— The Two-stroke Diagram. 

engine in one revolution — ^the distribution of work among the four 
half-strokes waa foimd to be as follows: 





I. 


II. 


III. 


IV. 


A 


.428 


.065(-.043) 


.438 


.069(-.041) 


B 


.334 


.159(-.013) 


.344 


.163(-.010) 



Case A is for the effective steam-pressure alone, the figure being 
quartered by the base-Une MN and the middle line ST: while in B 
the inertia-effect is taken into account, the division-lines being 
PQR and ST; and the tendency of the inertia-action to equaHze 
the distribution of work is strongly apparent. The minus quantities 
in parentheses after II. and IV. are the values of the negative work- 
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areas at the ends of the strokes^ KNC and HM F for A, LRC and 
JPF for B. 

(d) TuRXiNG-FORCE RELATIONS. — Two mcthods of reasoning 
may l>e followed in finding, for a known driving-force at the wrist- 
pin, the turning-effect upon the crank: both are under the assump- 
tion that the connecting-rod is a weightless transmitting-link, its 
inertia ha\ing been taken into account according to § 32 (c). Tbe 
first is illustrated in Fig. 133, where the force S transmitted akxf 




Fkj. 133. — Turning-moment on the Crank. 

the nxl is the resultant of the driving-force P and the guide-reac- 
tion Q. The |x^rixMi(licuUir OK from O upon the rod-line is the 
lever-iinn of this force, arul its nionient is 

3/=.SxOE. 

Drawiiic: also the vertical line ( )B. we have that the triangles OEB, 
\\'FI1, are similar: wherefore 



or 



P.S:: OK: OB, 
PX0B^SX0E = M: (231) 



and the tiiriiin*r effeet is just as though the force P acted upon the 
crank with the lever-arm OB, 

In the mechanism of Fiix. 106, or with " infinite connect ing-ro< I.'' 
the force /^ would he applicHl horizontally, or parallel to the stroke^ 
line, at (\ and its lever-arm would Ix? CD or R sin a : the incre:ise 
of arm-len<]:th from CD to OB measures the effect of the connectinir- 
rod. In the seeoml quadrant, OB will be less than CD. 

Replacing the moment M in (231) by that of a tan«:^ntial 
force T at C, with the arm R, we have 

3/ = PxOB = 7x/?, 
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or 



R COS/9 ' 



(232) 



the geometrical relation being the same as that for the velocities 
in Fig. 113, and (232) derived like (217). The equation 

v^P 



(233) 



is a fundamental relation: for if there are no internal (frictional) 
losses in the machine, the work-rate at the wrist-pin must be the 
same as that at the crank-pin: work-rate is, working-force X 
velocity of force (along force-line), so we see that the equation 

vP^vJ* (234) 

must be true. 

The second derivation of T is through force-analysis strictly, 
and is shown in Fig. 134. Here the rod-force S is carried over to 




w ¥^F TT 

Fio. 134. — ^Tangential Force on Crank. 
C and there resolved, as suggested in Fig. 101. From triangle 

P 



WFH or CED, 



S = 



cos/?* 



and in triangle CGD, right-angled at G, and with angle CDG = 
angleOCD = (a+/?), 

r=5sin(a+^)=P?^I^t^ (235) 

^^ cos^ ^ ^ 

If we apply to this expression the effect of making the rod infi- 
nite — which makes /? zero — we get at once the simple relation 
indicated by the lever-arm CD or R sin a in Fig. 133, namely, 

r' = Psina; (236) 



HI xi^ }£.o^:. 



nil ENvivi 



rv- •.'.«: "^iL'-.f iir ■*« ■ r-. •'•--.■• -r-.ki* 



• • 
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The measure of this couple is 

M = QXW0, 

^P ?^JL cos 3 +R cos a) 
cos p ^ 

-K^-^+^w^ (^' 

And if we substitute fl sin a for L sin j9 and combine terms, we 
come at once to 

cos/? 

proving that this moment is equivalent to the turning-moment 
on the crank. 

(/) Determining Tangential Force. — Having drawn the dia- 
grams of effective driving-force, like Fig. 130 III. or Fig. 132, 
and located on them a series of ordinates corresponding to a num- 
ber of equally-spaced crank-angles, the next step is to find the 
turning-force T for each of these P's. One method, shown in 
Fig. 137, is a direct application of the relation expressed in (232), 
which is equivalent to 

r : P : : OB : OC (240) 

on Fig. 134: and the construction is similar to that for v in Fig. 123. 
The crank-circle on AB is of any convenient size, but with its 
radius greater than the largest value of P on the diagram of effec- 
tive driving-force. Each length of P is measured inward along 
the corresponding crank-line, as CD; and the length CE, cut from 
the vertical by DE parallel to the rod-line, is T. The triangle 
CDE is similar to OCB in Figs. 133 and 134; and the construction 
of Fig. 116 is used for finding the rod-angle. A separate triangle 
must be drawn for each crank-position. The T's, when found, 
are laid oflF radially outward from the circle, and a curve is traced 
through their ends. 

A second method uses the computed values of the ratio of T to 

P, or of m — — ^ — ^, given in Table X., working through a reduc- 
cos p 

tion diagram like those in Fig. 42 III. The base-line AB, Fig. 136, 
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turning-force, AQRBST, with this circle of unifonn resistance, 
"We get an idea of the duty which the fly-wheel has to perform. 
Only at four points, Q, R, S, and T, is the driving-force just equal 
to the resistance: during two periods or phases, marked I. and 
in., the work done upon the shaft is less than that taken from it, 
and the deficiency is made up by energy taken from the wheel, 
which of course slows down; but during phases II. and IV. the 
wheel has to store up excess-work, and regains kinetic energy. 




Fig. 137. — ^Turning-force Diagram. 

Knowing the largest amount of work to be taken care of by the 
wheel, as shown by the diagram, and the greatest permissible varia- 
tion of speed within the revolution, we can compute the weight 
of wheel-rim required under any conditions. 

(A) Fly-wheel Data. — Both forms of the turning-force diagram. 
Figs. 137 and 138, show force plotted on a distance base: but only 
in the straight-base diagram, where the ordinates are parallel, is 
work truly represented by area. Working then on Fig. 138, we 
can get the data for fly-wheel determination in several forms. 

Measuring the area of each phase and dividing area in square 
inches by base in inches, we get the mean height and reduce it to 
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If we know the average M.E.P. pm, we get TTr by 

Wn=2^Aprn (243) 

Or, having the I.H.P. H and the R.P.M. N, 

W..^^ . .• (244) 

Finally, knowing the dimensions of the engine and the scales 
losed in laying out Fig. 138, we may calculate a work-scale of 
fcx)t-pounds per square inch, as follows: 

Suppose that Fig. 138 is drawn for a 14"Xl5" engine, and 
that in the figure the circumference-scale is 1"=^20*', while that 
for pressures is r'=24 lbs. per sq. in. Then the circumference 
of the 15" crank-circle is 3.927 ft., and the distance-value of 1" 
along the base of the diagram, 

20 
^X 3.927 = .2182 ft. 

The piston-area being 153.9 sq. ins., the total force-value of 1" of 
ordinate is 24 X 153.9 =3694 lbs. : so that 1 sq. in. represents 

.2182X3694=806.0 ft. lbs (245) 

A table of data from Fig. 138, applying it to an engine 14" by 
15" at 250 R.P.M. instead of the engine from which the diagrams 
combined in Fig. 131 were actuaUy taken, is shown below. With 
the degree-scale 1"=20®, the length of the diagram must be 9": 
the measured area of the whole figure AGBH was 23.17 sq. ins.: 
so that the mean turning-force or M.T.F. is 



23.17. 
18 



!rm==T^X24=30.9lbs. 



Applying (201) backward, the M.E.P. corresponding would be 
Pm=30.9^.6366=48.5 lbs., 
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as against an average value of 48.03 in Table 20B: the discrepancy: 
is due to inaccuracy in measurement of the small indicator di^ 
grams. 

Table 35 A. Results from Fig. 138. 



Phase No. 


Area, 

sq. ins. 

a 


Anicle. 
(legrees. 

T 


Length, 
feet. 


Mean 
Foroe. 

1 


PhaKe- 

ratio. 

k 


Work- 

valMe. 

E 


I. 

II. 

III. 

IV. 


-3.34 
+ 3.92 
-4.23 
+ 3.67 


70.6 

95.0 

91.0 

103.4 


.770 
1.036 

.993 
1.129 


-23.4 
+ 19.4 
-22.3 
+ 17.0 


.1442 
.1715 
.1824 
.1584 


-2690 
+ 3160 
-3410 
+ 2960 



In Table 35 A, the phase-areas a were measured with the pla 
nimeter, as was that of the whole figure: given as measured, the; 
check by adding up ver>' nearly to zero. Dividing each by its has 
in inches, and multiplying by the force-scale 24, gives the meaj 
force t. The phase-angles j- were measured witji a scale of 20 t< 
the inch and made to add up to 360°: and the correspondin; 
lengths / on the crank-circle were got by multiplying y by the valu< 
of r in feet, which is 3.927 4-360 = .01091 ft. The phase-area c 
divided by the total area 23.17 sq. ins. gives the ratio k. Finally 
E is got from a through the work-scale of (245). 

The work per revolution, W^, as found from the total arej 
23.17 sq. ins., is 



By (243) it ls 



]\\ =23.17 X806 = 18.650 F.P. 



1^'k = j!J X 153.9 X48.5 = 18,650 F.P. 



The supply of data in this table is redundant, more being giver 
than is necessary for the solution of any particular problem. II 
wDl be noted that a, y^ t, and A* depend only upon the form of the 
diagram; while / and E involve also the dimensions of the engine. 

On Fig. 138 there was made a determination of the division oi 
work among the four quadrants, analogous to that on Fig. 132, by 
measuring the quarters divided by AB and GH, the latter being 
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the OO^'-line. The result, using the numerals for the four quarters, 
was 

I. 0.357; II. 0.136; III. 0.322; IV. 0.185. 

This same proportion would result from the use of the 90°-]ine 
instead of ST in Fig. 132: and we show here, in a diflferent way, 
how the effect of the swing of the connecting-rod is to transfer 
work from the 2d and 3d to the 1st and 4th quadrants respectively. 



§ 36. Fly-wheel Action. 

(a) Weight of Wheel. — ^The variation-work E, just deter- 
mined, is to be taken up or given off by the wheel within a certain 
prescribed limit of speed-change. This limit is generally defined 
by stating that the range from the greatest velocity V^ to the 
least velocity 7, of the wheel-rim is not to exceed a certain fraction 
/ of the average velocity V, The change in kinetic energy of a 
mass whose weight is TT, in a variation of speed from Fj to 7, 
(or the reverse), is 

W{V,^^V,^)_W (V,+V,) 
^ g 2 -7~^2~^^^~''^ 

"yXyx/7==/^ (246) 

This E is identical with that in (241) and (242) : so that the method 
of solving the fly-wheel problem consists in getting from the diagram 
an expression for, or value of, the work to be taken care of by the 
wheel, and equating this to the expression for change in kinetic 
energy. 

The fraction / of permitted fluctuation varies with the character 
of the work done by the engine: a good degree of uniformity, 
suitable for ordinary high-grade work such as driving electric 
generators and textile mills, is secured by making / = about .01. 
In slow-running engines on rough work, the fluctuation often 
greatly exceeds this value, rising to 5 or 10 per cent, or more; 
while in the work requiring the greatest delicacy of regulation — 
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the driving of alternating-current generators in parallel — the fl 
wheel must be very powerful. 

It must be clearly understood that the r^ulation of the spe 
within the revolution, by the fly-wheel, is a different matter frc 
the regulation of the average speed by the governor, through 
continuous accommodation of the power of the machine to its loa 

Example 1. — Find the weight of fly-wheel at an eff'ectivo radi 
of 36" which will regulate the 14X15—250 engine of Fig. 138 wit! 
1 per cent. 

Circumference of wheel =6X3.1416-18.85 ft. 

250 
Velocity of rim = 18.85 X^ =78.54 ft. per sec. 

From Table 35 A, the greatest value of E is 3410 F.P.; then for 
we get by ('.'4(>) 

u' 3410 ,,.,.,, 

If this all goes into the* rim, and we make the latter 12" wide, th 
with cast-iron at 450 lbs. per cu. ft., the rim would be about 2.5" thick. 

Example 2.— An engine 24"X48", at 80 R.P.M., has a wheel 18 
in diameter and weighing 12,500 lbs. How close mU. be the regulati 
if the M.E.P. is 40.2 lbs. and the phase-ratio A; is 0.16? 

The work ix>r revolution is 

n'K = 2X4X452.4X40.2 = 145,490 F.F. 

The work to Ik> absorlx^d by the wheel is then 

/'; = 14.^400 X 0.10 = 23,280 F.P. 

The velocity of the rim is 

80 
V = 56.55 X ^ = 75.40 ft. per sec. 



Then 



and 



T'2 5(iS5 _^„ 
y 32.1 ) 

23.2S0 



imm FLY-WHEEL ACTIOK 

(6) Effective Radius of Wheel.— A raass-paxticle m, at the 
end of a radiuij r w^hich makes n turns per second, has the kinetic 
energy 

e^-^^27t^mr^n\ ...... (247) 

The total kinetic energy of the fly-wheel, the summation of t!ie e*s 
of all the particles, will then be equal to the product of a constant by 

/ mr: which integral is the polar moment of inertia of the mass of 

the wheel about its rotation-axis. As always in such a case, an 
eciui\'alent effect wr^uld be got by imagining the whole mass of the 
wheel to be concentrated m a ring at the end of the radius of 
g>Tation; so that this radius of gjTation b the effecti%'e radius of 
the wheel, for which the velocity V in (246) is to be calculated. 

Usually, the rim of the wheel contains by far the greater part 
of its mass: and the parte near the i^haft, at short radius, have very 
little vahie as energy vehicles: so that no great error is caused, 
especially with wheels of the belt-ptiUey shai>e, by taking only the 
rim of the wheel into account^ and using that as if concentrated at 
its outer circumference. 

Wlien, however, great accuracy is required, the jDolar moments 
of rim, arms, hub, and crank -disks can be approximately computed 
and an equivalent mass at the outer radius found. And when there 
are other rotating bodies attached to the shaft, as for instance the 
armature of a generator, these also must be reduced to the wheel- 
rim. The relation through which this reduction is made is that 
the energ^^-value of any moi^s varies as the square of its radius 
from the axis, or that the mass for any energy-value is inversely 
as the square of the radius. 

(c) MiTLTii'LE-CRANK ARRANGEMENTS. — Besld^ Using a fly- 
wheel to restrain the fluctuations in speed due to irregularity in 
turning-force, there is another method of securing uniformity of 
running: this consists in the use of two or more cranks at angles 
with each other (that is, not opposite, or at ISO''}, Then the 
excess-phase of one craidt can be made to comcide with the defi- 
ciency-phase of the other; and not only will there be no dead-center, 
so that the engine will start from any position, but there w\ll be 







\ti <'x;ir;if/|f: >howi;i;f th<!r simplest case of this eombinetl aeti 
Hi lei v*-ti It I I ]/-. l.'iO afj'l 1 Ki, which represent the working o: 
'lijpj*'^ .-jffipl': <fi;.'ifi«: wjili ^Tanki* at riijiit angles. The two tii: 
ihif_ inttt' 'tirv*--! ;in: ?-iip[>';?t*?'l to Ix* alike, and are taken from Fig. 1: 
'lli«: i^rttti'i rr.itik will \m: at <k^l-center when the leading era 
i.T iit. *.ti}\ Iti'iin: tin; locution of A, and B, on the draviings. 1 
tt'i-.nUtiny irurv*! of total turning-force is got by adding the ordina 

'Hut i:iri!|c) or line of total resistance is drawn on the results 
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<5urve, and it at once appears that the variations in driving-force 
on the crank-pin are much smaller, especially in comparison with 
t;he mean force, than in a single engine. The form of curve here 
shown, with a minimum at each quarter-point and a maximum 
near the middle of the quadrant, is characteristic of this type of 
engine. 

In the larger multiple-expansion engines, with three or four 
cranks, especially in marine engines, there is a considerable variety 
in the arrangement of the cranks, as to angles and as to order of 




90 180 270 

Fig. 140. — Turning-force in Quarter-crank Engine. 



060 



sequence. Combined turning-force diagrams for these engines 
are made in the same manner as Fig. 139 or 140. An additional 
complication is encountered, in that the pistons are not of the same 
size; so that if the separate curves are to be combined, they must 
either be worked out for total force on crank, or else one piston 
must be taken as the chief and the pressures on the others be 
referred to that, or expressed as equivalent pressures per unit of 
area of that piston. These matters will be more fully taken up 
in connection with the study of the compound engine. 

(d) Fluctuation in Speed. — ^The discussion in (a) determines 
only the limits of speed variation. A more detailed investigation 
into the motion of the wheel is given in Fig. 141, where curve I. 
is the turning-force diagram of Fig. 138, plotted on the line of 
average force instead of an absolute base, and with the w^hole 
crank-circle developed along a continuous line. 

To derive from I. the curve of speed-variation at II.. we find 
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the efifect of successive small increments of free work, as repre 
aented by areas between ordinates of L, and as taken up or givei 
off by the wheel. The general expression for kinetic energ}' o 
the wheel is 

W W I rDN \ ' 

^^W^^9\^^) = -^'^^296171) W^ . . (248 

where D is tlic diameter in inches. For any particular engine w« 
can work out the numerical value of m = l -^.000,000,296H^D' 




Fig. 141. — Diagrams of Fly-wheel Motion. 

and then, putting (248) into the form N^=mK, we get, for simul 
taneous changes in A'^- and A', 



JN^=^mJK. 



(249 



For the engine of Fig. 138 and Example 1, the value of m i 

^ ^ .(KK)()(K)296 X 1725 X 5184 ^27641 = •^' ^• 

The base-line of Kig. 141 is two-tliirds as long as that of Fig. 138 
then ^^^th the same pressure-ordi nates, tlio area-scale \ivill b 
806X1.5 = 1209 ft. lbs. per sq. in.— see (245). And since one F.P 
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of free work will change N^ by .3786, 1 sq. in. of area will have 
the influence 

n = 1209X.3786=458; 

so that for working directly from the diagram in I., to get curve 
II., we have the relation, particular as to its numerical constant, 

JiV'=458Ja (250) 

Table 36 A, covering half the length of the diagram, but less 
closely — ^that is, with wider intervals between ordinates — ^than 
in the determination actually used in laying out curve II., will 
illustrate the method of computing ordinates for this curve. The 
intervals are indicated by the numbered spaces on I., and the 
table is self-explanator}'^ through JN^: at the beginning of space 
1 the speed is 249.38 R.P.M., according to curve II., and the number 

Table 36 A. Computation of Speed. 



Interval. 


Ja 
sq. ins. 


JN^ 


jsrz 


N 








62189 


249.38 


1 


- .55 


-252 


61937 


248.87 


2 


+ 1.07 


+ 490 


62427 


249.85 


3 


+ 1.10 


+ 504 


62931 


250.86 


4 


+ .48 


+ 220 


63151 


251.30 


5 


- .73 


-334 


62817 


250.63 


6 


-1.48 


-678 


62139 


249.28 



and its square are entered at the top of Cols. 5 and 4: then the 
values in each line show the effect of the interval, or the condition 
at the end of the interval. Values of N can be got from A'^ by 
interpolation in the table of powers and roots given in any engineers' 
handbook. 

As to the relations between the curves, it will be noted that 
where I. passes zero II. has a maximum or minimum; and where I. 
passes a maximum point there is a point of inflection in II. — the 
regular relations between a derivative curve and its primar\'. 
Further, II. passes through zero, or the speed is at its mean value, 
near the middle of each phase of I. This last fact was used in 
getting a starting-point for the cumulative addition of JN^i 
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phase III. of the turning-foroe diagnm, or RBS (oompue Tabk 
35 A), has the largest area, and is of nearly symmetrical fonn: and 
it was assumed that the mean speed of 250 R.P.M. would exist tt 
the middle of space 6, or at 255^. This gave in II. the hise^ 
passing through the point N : and after the curve was dxswn, iti 
net area, measured from this base, was -^JSi sq. in.; so that the 
base-line, 12^' long, had to be moved up .07" in cider to be a tne 
average-line of the curve. 

(e) Irregular Movement of the Wheel. — Curve m. in 
Fig. 141 shows the eflFect of the \'ariation in rotative speed upon 
the movement of the wheel, or the manner in which a point on 
the rim oscillates about the mean position which it would have 
if the speed were absolutely uniform — ^which can, perhaps, be best 
realized by ima^ning this reference-point to be carried on another 
wheel rotating beside the first at uniform speed. To get the tune- 
effect of the small variant velocity represented by the ordinates of 
curve II., we proceed as follows: 

The oniinate-scale of II. , at full size, is T'-l R.P.M.; the 
distance travelled by a point on the rim of the 724nch wheel, on 
account of a rotative speed of 1 R.P.M., is 226.2 ins. in one minute 
or 3.77 ins. in one second. The time represented by the whole 
base-line, 12 ins. lonp. is 6() -J- 250 =0.24 sec, so that 1 in. stands 
for .02 sec. Then 1 sij. in. of area under II. represents an effect 
of velocity X time which will move the wheel 

J^' =3.77 X. 02 = .0754 in.; 

pvini; th(» mon* general n?lation 

JN = . 0754 Ja (251) 

]W means of this fonnula the onlinates of III. are computed 
from measured areas under 11. The scale of this curve is such that 
the displacemonls an' n^pn^enlcsl at about true size in the retluced 
fVirure. 

(/) A^rKLKK.vTioN OF TiiK WnKEL. — ^This sccond idea, of 
determining^ the time-i»ffcct of a function of the motion, could have 
biHMi usihI with equal facility for getting the velocity curve from 



i36(/)] FLY-WHEEL ACTION. 287 

one representing acceleration: the latter would be similar to curve 
1. in form, differing only in its ordinate-scale; and the acceleration 
represented might be either angular or lineal — the second, that of 
the end of the wheel-radius, or of a point on the rim. To get an 
expression for angular acceleration under the conditions of our 
problem, we have first that a free force of t pounds per square 
inch of piston is equal to a total force At on the crank; its moment 
is Q =AtR/l2y and it acts upon a rotating mass whose polar moment 
of inertia it Mk^y where M is W/g and the radius of gjTation k 
is the wheel-radius in feet, or Z)/24. The general relation is 

Q^Mk^o), (252) 

in which <o is the angular acceleration in radians per second per 
second; and substituting the values above, we get 

'^-^'wi^' (253) 

where the coefficient C is 48^ or 1544 for D in inches, and 10.72 
for D in feet, R being always in inches. 

Linear acceleration at the rim is got directly, by substituting 
for the actual tiu-ning-force At on the crank an equivalent, " re- 
duced" force at the rim, having the same moment, and found by 
the relation 



F-A?4. (254) 



R and D being, of course, in the same unit. Then the acceleration 
a of the mass M is 

«=2<?^§; (255) 

and dividing by the radius ^D, expressed in feet, we should get a 

fonnula identical with (253). 

Applying (255), as most convenient, we see that, in Fig. 141, 

V of ordinate represents a force of the value ^^=24x153.9 = 

3694 lbs.; substituting this with the other particular values, (255) 

becomes 

.'^604 7 5 
«'=^-32;5^.-^^^ =14.35 (256) 
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And 30° or 1" of base-line represents .02 sec.; so that the velocity- 
change value of 1 sq. in. is JF =0.287. Then for interval no. ^ 
in Table 36 A the change in velocity would be 1. 10 X. 287 = .316 ft. 
per sec. This bears to the mean velocity 78.54 (see Example 1) 
the ratio .316 ^78.54 = .00402; and in Table 36 A the correspond- 
ing change in rotary speed is 1.01, and this bears to 250 the ratio 
1.01 -^250 = .00404, which is practically the same. 

The method actually used, of working from force on a distance- 
base, through kinetic energ}', to velocity, seems more in line with 
other computations on the fly-wheel than does that involving the 
acceleration. In some problems analogous to this, however, where 
the free force is on a time-base only, the second method is the one 
available. 

(g) Vp:locity by Momkntum. — Slightly different in idea from 
the use of the acceleration, but the same in result, is a methotl 
based on the momentum equation 

where T is time in seconds; and which, put into a fonii more 
directly applicable, becomes 

J{FT)=MJV (257) 

In our example, the force represented by V of ordinate in Fig. 141, 
reduced to the wheel-rim, or to the path of the moving mass, is, by 
(254), 

F =3694X^=770; 

and for 1 sq. in., the time- value of 1" of abscissa being .02 sec.^ 
we have 

J'(F7)=15.4. 

Dividing this by the mass, .1/ = 1725 ^32.16 =53.64, we get 0.287, 
the same constant as in the last article. 

That this is only a variation on the acceleration method appears, 
when we take the general relation 

aJT=JV 

and substitute for the acceleration a its value F/M. 
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(h) NoN-UNTFORM RESISTANCE, — In somci engines, where the 
[load is applied directly to the cross-head, the simple condition of 

a uniform tangential or torque r^istance dae8 not exist. In 
I piimping-engines, this axial load is nearly uniform throughout the 

stroke, while in air-compressors it is ^^ariable. In either ca.se, the 

duty to be perfomied by the fly-wheel cau be most easily deter- 

mmed by diagrams of the type of Fig. 132, 

* ^ 



^ 



For wAUp 



HH. 



HG 



5" 
-J<— 



LH 



LC 



5^ 



AH 



AQ 



c 



3 



Heturn 



Fio, 142. --Out line of Blowing-engine. 

To illustrate the methods of procedure in a case of this sort, an 
example will now be workwl out. The engine, outlined in Fig. 142, 
is a compound blowing-engine, with the two steam-cylinders lying 
aide by side, and with the ends of the cross-head connected to 
the two fly-wheels. Tlie diameters are 30" and 54" for the steam- 
cylinders and ^SO" for the air-cylhider, with a stroke of SO", 

The indicator diagrams to be workeil up are ^ven in Fig. 143; 
and wliile the steam-action wliich they show might be better, they 
serve very well as a basis for the mechanical tliscuasion of the 
perfonnance of the engine. The pressure-scales are laid oflF on the 
cards^ and the R.P.M. was 23.3. 

Table 36 B, Constants for Diagrams. 





1 


2 


3 


4 


5 


6 


Cyl. End. 


Piston 
Are»* 

Sq. ins 


Cyliniler 
Volume p 
Cu. ft. 


Ratinto 


TnwS<»JB 


Correction 
Factor. 


Reductica 
t'dctor. 


HH. 


706.8 


32.72 


.3087 


40,0 


1.00 


44.45 


H.C. 


fi87.2 


31,82 


.3001 


40.4 


1. 01 


43.65 


UH. 


2290 2 


106 03 


1.0000 


20,4 


1.02 


146,9 


L.C. 


226ti 5 


104.93 


,9897 


20.4 


1.02 


14.5.4 


AH. 


4998 2 


23L40 


2.182 


16.67 


1.042 


327.4 


A.C. 


5026. d 


232.71 


2.195 


16,0 


1.00 


316.1 
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The eoMUnts uwfui for 
36 B. For eombinatioD, aD the 
pounds per eqiieie foot of the lov- 
dinuiuflhed hj the pieton-rod, or od the 
Col. 3 the imtio of each piitoiUiMe to tfab 
(M. 4 eontains the iceultB of a 
iwed, and the iaeton in CoL 5 ere to be and for 
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Fio. 143. — iDdicator DiagmuB. 

miro hoail-<^n(l, or II.H., the factor 44.45 ».3087X 144x1.00 is 
tci Ih» iiwmI for tranHforminR pressures measured from the H.H. 
rani with a Hcale of 40 to the inch, or in pounds per square inch 
hy tho nominal Hcalo, to ix)un(l8 per 8C[uare foot of the L.H. piston. 
By inoaHurinK, reducing by multiplication, tabulating, and 
ooTTibinin^ the onlinates drawn on the indicator cards, data for 
the curves in Fig. 114 were obtained. At full size, the scales of this 
figure are, for pressures, 1" — 1000 lbs. per sq. ft. of the full L.P. 
piston; for volumes, 1"«-10 cu. ft. displaced by this same piston; 
so that 1 sq. in. of area represents 10,000 F.P., or 10 of the 1000- 
F J>. work units of 1 5 (d). 
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The whole of Fig. 144 is on the same S5rstem as Fig. 132, the 
base MN being the stroke-line. The primary curves are : 
' 1. Effective steam-pressure, H.P. cylinder. ^ 

2. Effective steam-pressure, L.P. cylinder. 

3. Total steam-force, the sum of 1 and 2. 

4. The air-resistance. 




Fig. 144. — Curves of Effective Pressure. 



And the derived curve is 

5. The difference between 3 and 4, brought to the straight- 
line base MN. 

The results of a calculation of the work done in one revolution, 
from areas under curves, are given in the following condensed 
statement; w^here the two partial steam-works and the total for 
each stroke were got by independent measurements with the 
planimeter, so that the sums do not quite check up. 
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H.P., forward, 225.3 W.U return, 204.4 W.U. 

L.P., forward, 285.7 " return, 300.2 " 

Steam, forward, 511.1 W.U return, 505.0 W.U. 

Air, forward. 383.0 " retuni, 384.4 •' 

Total steam work 1016.1 W.U. 

Total air work 767.4 W.U. 

Lost work 248.7 W.U. 

Mechanical efficiency = .^.I . =.756 
lOlo.l 

Di\'i(ling the total friction-work, 248,700 F.P., by the piston-dis- 
placement for both strokes, or 212.1 cu. ft., we get a mean resistance 
of 1174 lbs. per sq. ft. or 8.15 lbs. per sq. in. This average friction- 
force is measured up and down at MA and MC, and its action is 
represented by the lines AB, CD, the rectangles MB and NO stand- 
ing for the work of friction. Actually, the friction-line would be 
a curve, lower in the middle and rising at the ends; because the 
friction-resistances of the crank-pins and of the shaft-l^earings 
keep on mo\nng at full speed when the pistons are near de^d- 
center and the driving-force is moving very slowly. However, 
the straight friction line is a useful approximation. 

Xow the lines AB, CD, are means of the curves 5, or of the 
curves of unbalancetl force. Then, without considering the inertia 
of the reciprocating parts, the four phases of free work to be 
cared for by the wheels, and their values, are, by measurement, 

I. AEF, + 90.9 W.U. II. FOB, - 88.2 W.U. 

III. DHK, -f 100.7 W.U. IV. KCL, -103.1 W.U. 

4-191.6 W.U. -191.3 W.U. 

As a rough estimate, the total weight of the reciprocating 
parts is about 15 lbs. per sq. in. of the L.P. piston. At 23.5 R.P.M., 
the angular velocity d is 2.46, by (227); and the constant Cj = 
d^^24g of (229) is .0078.5. :Multiplying the latter by 5=80, we 
get the ratio of F^ to W to bo 0.628 ; so that F^/A will be 15 X .628 = 
9.4 lbs. per sq. in., or 1350 lbs. per sq. ft. Inertia diagFams for 
''infinite rod*' are drawn on AB and CD, and show a considerable 
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diminution in the irregularity of the unbalanced force, the values 
of the four phases given above changing to 



I. 
III. 



+ 57.8 W.U. 
+ 66.8 W.U. 

+ 124.6 W.U. 



II. - 54.0 W.U. 
IV. - 70.8 W.U. 

-124.8 W.U. 



Again roughly, the two wheels have an effective weight of 
60,000 lbs. at a radius of 10 ft.; then 

y' ^24.6' 606.0 

g 32.2 32.2 ''' 

and for £"=70,800 F.P., we get 

70,800 
' 60,000X18.7 •^^' 

as the ratio of fluctuation of speed. 

(i) Stress in Rim of Wheel. — The condition of the rim of 
the wheel under the action of centrifugal force is illustrated in Fig. 
145: it is subjected to a uniformly 
distributed radial load; and the 
force tending to cause rupture at 
any section, as at AB, is found 
by taking the sum of the com- 
ponents at right angles to AB of 
all these radial forces — as indi- 
cated by Fj, Fi. The mathe- 
matical deduction of the value 
of this resultant force on the half- 
ring is as follows: 

Let a be the area of cross- 
section of the rim in square feet, 
I any length in feet measured 
along its circular center-line, and w the weight per cubic foot of 
the material. Then the centrifugal force of a piece of unit-length 
will be 

!'Ti-- <^> 




FiQ. 145. — Centrifugal Force on 
Wheel-rim. 
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and for an element of the length dl=Rda, we have 

dF=fdl==fRda, 

Now the component perpendicular to AB is df sin a, so that 
have 

dF^=fR sinarfa: 

and integrating for the half-circle we get 

Fi=fR I sin a da =2fR ('25 

The total centrifugal force on the half rim is 

iF=nfR; 

and we see that the bursting tendency is as if the force / were di 
tributetl along a bar of length equal to the diameter of the wh« 
and that the force F^ bears to the whole centrifugal force F of tl 
rim the ratio 1 : tt. 

This load is taken up at two sections of the rim, so that tl 
tension at either section is F/2;r. 

Example 3. — A wheel 16' in diameter, with rim 24" X 3", is ma( 
in sections and bolted together with five IJ" bolts at each joint: whi 
will be the tensile stress in the cast-iron rim and in the bolts, c 
account of centrifugal force at 100 R.P.M., disregarding any holdir 
effect which the arms may exert? 

Taking C2-.I42I from Table VH and using the diameter Z)-189 
instead of .S in (230), we get I'^/gR to be .1421X189 = 26.86; whic 
means that the centrifugal force of each pound of rim is 26.86 lbs. 

The weight of the rim is 

„. 3X24X3.142X189X450 , _ .^ ,, 

H= ~ 1-00 -lljloOlbs. 

1 / Jo 

And the tension on the rim is then 

On the 72 sq. ins. of rim section this brings a stress of only 681 lbs 
j)or sq. in. On the five bolts, of an effective diameter (under the threads 
of 1.25" and >\ith 1.23 sq. ins. of cross-section, the stress will be 

1 ~>^ X ' ^ ' ''^^ ^hs. per sq. m. 
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(/) Limit of Speed. — Knowing the working-stress in the wheel 
and that the centrifugal load-force varies as the square of the speed, 
it is easy to calculate, in any case, the speed at which danger of 
bursting will begin. At present we shall not go into a discussion 
of the eflfect of various methods of construction in this respect. 
But by extending the deduction of the last article, we can arrive 
at certain general relations of considerable interest. 

Multiplying (258) by the circular length nD of the ring, we get 

F^nDf^2nR—^ r260) 

g It 

Taking out the factor 2;:, we have the tension T and can equate it 
to the expression for the strength of the ring, getting 

T=^—V^ = lUaS: (261) 

9 
from which 

7^=1*^5 (262) 

It will be noted that in (260) the volume-factor 2itR was necessarily 
in feet, while & is in pounds per square inch ; and if we take o in 
square feet and w in pounds per cubic foot, then the factor 144 
must be introduced, as above. 

For cast-iron, with a maximum allowable working-stress of, 
say, 4000 lbs. per sq. in., the greatest safe speed would be 



-si 



144X32. 16X4000 ^^ ,^ 

— 2Kfj =203 ft. per sec. 



While for a high-grade steel, where S might be as much as 20,000 
lbs., the value of V would be about 200XN/5 =450. This is greatly 
exceeded in turbines of the De Laval type: but there the radial 
tension of the solid wheel becomes a principal element of strength. 
The reason for the disappearance of R from (260), expressed 
in other than purely mathematical terms, is that while, for a given 
linear velocity F, the centrii)etal acceleration varies inversely with 
the radius R^ on the other hand the weight of a ring of given cross- 
section increases as R, 
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§ 37. Force^ction in the Connecting-rod. 

(a) The Components of Acceleration. — In the developmei 
of this subject, already set forth in general terms in § 32 (d), tl 
first step is the determination of the exact inertia-force of the n> 
The conditions as to acceleration are closely analogous to those i 
regard to the velocity which are shown in § 33 (t). That is, juj 
as the movement of the rod can be resolved in a translation-motic 
with some point, and a rotation about that point, so also is th 
total acceleration made up of a direct, or linear, and an anguli 
component. 

Thus in Fig. 146 the components are, direct acceleration wit 
C and angular about C: the first alone gives to W, or to any poir 
E, the same acceleration Oq that C has; and the total acceleratio 
of these points is got by combining with a^ another component, whic 
is evidently the whole or a part of C\n' — as appears from the equi\ 
alencc of the triangles HBW, COw, and of DFE, COe. Keepin 
in mind the manner of locating the center of acceleration (as ii 
Fig. 122), we see that the angle WCw is the same as ACO or AWO 
that is, it is the angle which each acceleration makes with its radiu 
from the center A. And further, comparison with Fig. 120 shows 
that what we found there, in GC, is the component along the rod 
line of wC or WII in Fig. 146. 

H D c 



FiQ. 146. — Rod-acceleration Analyzed. 

The general facts as to the acceleration of the rod, and the 
conclusions which may be drawn from Fig. 146, are as follows: 
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First, and fundamentally, the acceleration-center A is the one 
point of the rod (or on a plane attached to the rod) that has no 
acceleration at all, or that is nioving, at the instant, with unchang- 
ing velocity. 

Second, the acceleration of any point is proportional to the 
radius from A and makes a certain angle with that radius. Each of 
these point-accelerations is made up of a component at right angles 
to its radius, due to the angular acceleration proper about A ; together 
with a centripetal component toward A, due to the rotation of the 
ra.lius about A with an angular velocity the same as that with 
wliich the Tod turns about its instantaneous center. The above 
analysis of the determination of Fig. 120, w^here just this idea is 
followed in getting one component of HW, Fig. 146, establishes this 
proposition with reference to the secondary center C; and it is 
easy to see that the same relation would hold for the primary 
center A. This explains wh}' the total acceleration is not at right 
angles with its radius from A. 

Third, if the motion of the rod be separated into a translation 
with some point as C, and a rotation about C, then the acceleration 
of any other point is the resultant of C's acceleration and of another 
component due to an angular acceleration about C equal to that 
alx)ut A — ^the latter appearing at WH and ED. 

The important practical result of this discussion is that the 
angular acceleration of the rod can be found by di\dding Cw — 
taken to represent acceleration to the same scale as CO represents 
Oo — by the perpendicular distance from W to Cw, expressed in feet. 
Dividing linear acceleration in feet per second per second by 
radius in feet, we should get angular acceleration in radians per 
second per second. 

(6) Total Acceleration. — ^The force required to produce a 
linear acceleration a in a body of mass M is 

F=Ma; (263) 

while for an angular acceleration ^^Jf~;jj2f ^^^ torcjue or 

moment required is 

T=MkW, . . (264) 
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■vr-.-n* k- is tlip j^)lar radius of ffj-ration of the borly with T(^]ii'<^ 
' •::»• '•♦■iit»T nf aninilar acrolcTution, .so that Mk' L> tin/ in)!:.: 

::.'.'t:;«;::: •.!* iurnia of its nuiss. 

I:i ;:i.-siiii: fniiu accolcratioii (a poonictrical quantity^ to Vfn*-. 

:i r»*i::ir i tor siiiiplicity of n'lations liiiiits our clioicc of tlif cciiXi-: 
•i :i:i;r:Iar iriortia to tho contor of iiiiu^s of the Ixxly. It Is oi:!y 
v:;i!: :ii.' r*.»rro F is applio<l at tlio contcr that it can pro*hi^c tr.fr 

-'.:: ;>if ii.i.'iir acrclcration of (20^5). Resolvinij tho total acfrlon- 

*!":: 'i ^•!«' n^i. then. 'into a Hnoar comix^nont. that of tho cenv-r 
! -:ravi:y. an- 1 an anpuhir ronii>onont alH)ut this oontor. wo liave 

; u- 'ill' principal radius of gyration. 

!:i v'.iz nr. tin* two forco-aotions c)f i20o) and (204 1 an* :it 
::>• -iiuw:: -Kpanitoly, by /*Y= .UxOjr at tho oontor of ^rruvity (i. 
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the second an angular acceleration about the center, of the value 

(o^Fl-rMk" (266) 

In order, then, to determine completely the inertia-force of 
the connecting-rod, we get its direction and intensity from the 
known acceleration of the center of gravity, and must then locate 
it by an apphcation of (264). 

Following the conclusion stated at the end of (a), we should get 
w, and knowing k could easily find /; but this method, while per- 
fectly feasible and giving a complete solution of the problem, is 
less convenient in apphcation than one along somewhat diflferent 
lines, which will now be developed. 

(c) Concentration of Mass of Rod. — If we are concerned with 
only the Unear acceleration of a body, we may think of the whole 
mass as concentrated at the center of mass (or of gravity), where 
it will have a simple linear inertia, as F' in Fig. 148. But if angular 
acceleration is to be considered, then the simplest arrangement 
that can be substituted for the actual, distributed mass of the 
body consists of two concentrated masses, on opposite sides of 
the center and on a rigid straight line through the center. The 
detennining conditions for these masses are, letting M^ and il/j 
be their respective quantities and h^ and h^ their distances from G, 

First, the total mass must remain unchanged, or 

M^-\-M^^M (267) 

Second, the original center of mass must be preserved, or 

M,h,^Af^^,- (268) 

Third, there nuist be no change in the polar moment of inertia 
about G, or 

MJi,^-\-MJi^^=^Mk'' (269) 

By interchanging the terms of (268) in (269) we get 

Kh2=K'' (270) 
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whirh is the (letemuniiig condition of what is known in Mechanics 
as ilic ** compound pc*nduhim." 

In applying those conditions to the connectinp-ro<l, one of the 
sinipler causes is that shown in Fig. 148, where the partial mass .V, 




lis. (\>ncontnit(Mi M:&Hse8. 



i- :it thr wrisi-piFi \V. and the other. .U,. 'i< at J. This second point 
i- NH-atr-l i:rai>hically l>y drawing (iK jxTpendicular to the rod and 
rijual to /.-. tlirii inakin.ir WK.I a ri^ht angle; for in the triangles 
\\«il\. l\(..l. when' we;-//, and CiJ =-//,, 



//, :k::k:lu 



(271) 



70 






! '■ 



\! 



.« i!i;i-fonr ti\ .U, will act along ()\V, that of .V^ 

'..»-• .iiirrtinii is foiiiid by drawing Jj horizontally 

:ij«' :t!i.i jniniiii: Oj. Then the line of this force is 

■'<»; :iii.l :!i(' resultant of the two partial iiiertia- 

i:-t irn thnuigli the jM>int L. A complete solu- 

:m'::!o.i \\i)uM involve the determination, first of J/j 

■J«»^ . !M\i of (', and //._. from the image, finally of I'\ 

■Jti I . ai: 1 ilu- .maphical combination of these forces. 

^^r !!u' liirrrtion and intensity of the r(*sultant is already 

iio::-. ihr a»rrl»rati(>!i i:< >. we uiH}i\ not go lM*yond the 

of \\\v jH.int 1.: tiie li:ie lA^. parallel to Og. h)cates the rod- 



i \ 



liTrr 



i./» Uoi>-FoiHK CoNSTKitTioN. — A further development of this 
Uietlunl into the fomi most convenient of aj)j)lication is illnstratctl 
in Fig, 149. The work of locating the action-line of /' — dettr- 
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niinetl by the intersection L in Fig. 148 — ^is reduced to a minimum 
by choosing one point of concentration at B (on I.), where its 
acceleration will be right along the rod, and will pass through 
the other point, at Q. Now it matters not what is the direction 
of the second component Fj, since it is bound to pass through this 
point Q. Out of the infinite choice of points of mass concentra- 
tion — not limited, of course to the center-line WC — this leads 
most directly to the desired result. 




Fig. 149. — Rod-force Construction. 

The next step is to reduce or contract the construction to the 
image, as shown at II. in Fig. 149. The point B, corresponding to 
b in I., is found by drawing OB parallel to the rod, by the method 
of Fig. 116: then KG is drawn perpendicular to the image CW 
at its '* center of gravity,'' its length in the proper ratio to CW : 
and BKJ is made a right angle. The only disadvantage of this 
method is that CW changes in length as we go round the crank- 
circle: and it is better to make the similar construction B'K'J' 
on the radius, considering it to be, for this purpose, a sort of con- 
stant-length image of the rod; BB' is, of course, a horizontal 
line, as is also Bb in I. 

Finally, by drawing J'E parallel to CW, we divide the inertia- 
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force of the rod into its parallel components at the pins; for. 
e\'i(!entlv, 

OE:EG=OJ':J'C=WQ:QC on I.; 
or 

OEXCQ-ECJXWQ (272) 

Here we treat OG as a force, represented to a proper scale by this 
line: while in all the preceding part of the discussion it is used 
only as an acceleration. 

S 




"w 

\'U.. \'ii). H(Hl-in<Ttia Hesolved. 
(r) Mkfi:<ts of K<>1)-i\i:htia. — In Fip. 150 the rod-iiicrtia l'\ 
a sin«rl*' force at (I. is n»i>lac-(^l by its parallel coinixinents, CD at 
the craiik-pin and \V(J at the wrist-pin, IxMng resolved according 
to (JTlM. At (' the force CD is further resolved into two coin- 
poiients. CM alonir the crank-line, wliere it will ha\'e no turninu:- 
ctTect. and CI' al<»nir the nwl-line. where it will combine with the 
Un-ri' transmitted. N in l"iir. VX) or l.'M. At W, ^^*(l is nvolve^l 
into \VH alonir the rod and \VK in tin' direction of the ^uide-j>res- 
s'.ire. In other words, the components of inertia 
are ri'solved, at tin* respective pin-ciMiters. in the 
direction of force* transmitted aiul of n^straint of 
motion. 

In liir. l')l tliese fon-e-resolutions are hronirlit 
to«:eth<'r on tlie ima.m* construction, taken from 
I iir. 1 19 11. The trian^c* CDKof Fi*r. irA) is repro- 
(hiced ;it ()1:H. and WCII at KCD. It ap|M'ars 
now tliat by the simple devicf* of drawirii: HD 
through M. j)arallel to the rod-line* and meelinL^ a 
vertical from (1 at I), we have the rod-force «k; 
resolved into its three compoiient-< 'fleets; namely. ()B aionu t!ic 




w 

I-i.i l.-.l Kllrci 
1)1 luni-iiMTiia. 
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<»rank, outward, and with no influence upon work-performance; 
BD along the rod and modifying the transmitted force S; and 
1X1 perpendicular to the guide and affecting only the guide-bar 
pressure. 

(/) Division of Rod-mass in Appkoximate Method. — ^The 
construction just described is appHed in Fig. 152 to a rod of 
typical proportions, in order to see how nearly the approximation 




FiQ. 152. — Components of Rod-inertia. 

of § 32 (c) agrees with a true analysis, the comparison alluded to 
in § 32 (d) being made. The rod is six cranks long; the center of 
irravity is at four-tenths of the length from C to W, or CG =0.4CW 
in Fig. 147; and the radius of g>Tation k has this same length, 
i)AL. The construction of Fig. 149 II. is first used for getting 
OKG at each crank-angle, and then tlie l)B-lines of Fig. 1.51 are 
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drawn. The construction need not be made for more than two 
quadrants, as remarked in § 33 (h). 

For comparison with the radial component OB, the circle on 
HF is drawn with the radius OH equal to half of OA : and it appears 
that to assume half the mass of the rod to be concentrated at the 
crank-pin will give a very close approximation to true results. 
In II., the horizontal component of DB is plotted on the developed 
semicircle, giving the dotted-line curve; while the full-Une curve 
is laid out from a diagram Uke Fig. 124, likewise for a radial force 
ec^ual to one-half of the full F^ for the rod, or of OA. This shows 
how ver>' nearly correct it is to concentrate the other half of the 
rod-mass at the wrist-pin. 

Departures from tlie rod-proportions used above, as encountered 
in various designs of engine, are not large: and it is safe to make 
a general rule that the mass of the rod shall be divided into equal 
parts, for concentration at the two pui-centers in the approxinmte 
determination of incrtia-effcct. 

§ 38. Pressures on the Bearings. 

(a) Exact Pix-prkssukks. — ^The method of determining the 
true pin- pressures, as indicated in Fig. 102, is now to be worked 
out. The first step is to show, by means of Fig. 153, certain rela- 
tions existing in tlie case of a two-joint link which transmits force 
and is at the same time under the action of a transverse force of 




¥iG. 153. — Pin-pressure Analysis. 

its own. The con<litions of the case are set forth in this figure 
on the ri»rid bar WC acts a force F, along the line QX; and tliis is 
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to be held in equilibrium by forces applied at (or through) W and 
C. These two forces may act along any pair of lines which meet 
in a point on QX. Suppose X to be one such point, then nmke 
XY=F and resolve it into the components AX and BX: forces 
equal and opposite to these components, at W and C, will give 
equilibrium. 

By a further analysis, the pin-pressures, P^r at W and Pq at C, 
are resolved into the components KW and LC parallel to F, and 
GW and HC along the center-line WC: then the first two are in 
equilibrium with F, the second two balance each other, showing 
the longitudinal stress in the rod due to force transmitted. 

Now the only effect of changing the position of X, or of using 
another pair out of the infinite number of possible force-lines, is 
to change the internal stress components GW and HC: so long 
as the force-line QX remains in one definite pasition with reference 
to WC, the system of parallel forces made up of F and the equilib- 
rium components Pwe = KW, Pce=I-'C, will remain unchanged. 
This ought to be self-evident; but it can also be proved geometric- 
ally by drawing AD parallel to WC: then in the similar triangles 
ADX,^ WQX, 

DX:QX::AD:QW; 

and in ADY. CQX, 

DY:QX::AD:QC; 

from which we can easily get 

DX : DY : : QC : QW. 

That Ls, no matter what the position of X, D divides F into the 
components Pwr and Pce, inversely as the distances QW and QC. 
(6) Construction for Pin-pressures. — The condition of 
equilibrium — namely, that each pin-pressure, besides exerting an 
effect along the center-line, shall balance its share of F — is put 
into graphical form in Fig. 154; where the line EjEj is a locus of 
the ends of all the possible pressures at the wrist-pin W, if laid 
back from W as a pole; while FjFj is a similar polar diagram for 
the crank-pin. 
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We approach the problem of finding the true pin-pressures 
with two quantities unknown; and the method of solution is given 
in Fig. 155. Coming from the piston-slide, we know completely 
one component of Pw, the effective driving-force P; but the other, 
the guide-reaction Q, is known only in direction. Measuring off 
WA=P, and drawing the vertical A J, we have that A J is a polar 




Fig. 154. — The EquUibrium Locus. 

locus of the ends of all wrist-pin pressures which meet the conditions 
external to the rod. Knowing the rod-force F and its parallel 
components at the pins, from Fig. 149, we make WE equal F^ 
(the same as WK in Fig. 154), and draw EF parallel to WC. This 
locus embodies the internal conditions of equilibrium: and its 
intersection with AJ at F detennines, in WF, the one WTist-piii 
pressure that satisfies all conditions. 




155. — Constniction for Pin-pressures. 

The pressure at tlie crank-pin can 1)0 found by making CK=WH, 
or transferrins: the internal stress component to C, and combining 
it with CD=-/\' so as to get CL=^/V' <>r, more sunply, by closing 
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the triangle WFG, where WG is equal (but opposite) to F. In 
this construction, we find the pin-pressures, in direction, as acting 
upon the rod, using the balancing components, WE, EG, as a part 
of each. 

It is interesting to note that the triangle HJF is identical with 
DGE in Fig. 151; showing how one component of Fw or FH 
diminishes the guide-reaction Q from the full value AJ which it 
would have if the rod were a weightless link, while the other com- 
ponent JH shortens the transmitted force. A similar analysis 
might be made at the crank-pin, but to no useful result. 

(c) Determination of the Pin-pressures. — In finding the 
crank-pin pressures shown on Fig. 157, the construction in Fig. 156, 




l5 

F 
Fig. 156. — Pressure on the Crank-pin. 

a slight modification of Fig. 155, was used. Here OC is F© for the 
rod, and OG is F, after the manner of Fig. 149 II. ; but the division- 
point E is moved to the other end of F, From O, taking it to 
represent the wrist-pin center, we measure back P, taken from 
Fig. 132 (or rather, from Fig. 158) : then EF is drawn parallel to 
the center-line of the rod, and FG is the crank-pin pressure Pq, 
in the direction of action of rod on pin. 

For these figures the same proportions of rod were used as 
for Fig. 152. In Fig. 132, the value of FJA was 36 lbs.; but this 
is due to a reciprocating mass which includes half the connecting- 
rod. Of the total weight of the reciprocating parts, a good average 
assumption gives the piston-slide six-tenths and the connecting- 
rod four-tenths. So that three-fourths of the 36 lbs. above will 
be considered as due to the slide alone, and we have: 

For the slide, FJA =27 lbs. 

For the rod, FJA = 18 lbs. 

In Fie. 158, otherwise the same as Fig. 132, the inertia-curve 
S( JT is drawn for 27 lbs. ; and ordinates measured from it were used 



308 



THE MECHAN ICS OF THE ENGINE. [Chap. VII. 



ill making the construction of Fig. 156. The results of this work 
are shown in Fig. 157, where each Pq or CD is parallel and equal 
to an FG of Fig. 156. Forces on these two figures are twice as 
long as those on Fig. 158. 

Fig. 157 shows some interesting facts, as, for instance, how 
the inertia of the rod combines with its slant so as to throw the pin- 




FiG. 157. — Diagram of Crank-pin Pressures. 

prcssure.s farther from parallelism with the stroke-line throughout 
the forward stroke, but to bring them nearer to this parallelism 
during the return stroke. Its chief value, however, lies in the 
comparison which is made between results got by the exact and 
by the approximate method. 

The latter is applied to this case by laying off along the rod- 
line in each pasition the length CE=*S, the force along the rtxl 
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after the manner of Figs. 133 and 134, as got from the ordinates 
of Fig. 132. These forces include the effect of half of the mass 
of the rod; and the other half, at the crank-pin, is taken into 
account by combining its centrifugal force ED with CE. The 
resultant is so nearly the same as CD that the difference hardly 
goes beyond the limit of accuracy of th^ drai^'ing. 

Now CD is very nearly the same in length as CE less the hori- 
zontal component of EI); this subtraction would be made by 
adding the other half of the rod-mass to the sliding-mass which 
gave the curve PQR in Fig. 132: and we come to the very useful 




Fig. 158. — Approximate Pin-pressures. 

practical result, that the variable pressure on the WTist-pin is given 
ver\' closely by ordinates measured from the curve 8QT in Fig. 158; 
while for the crank-pin pressure the curve UQV is to be taken as 
tlie base-line. Curve SQT shows the inertia-force of the slide- 
mass alone, VQY includes the whole of the connecting-rod. To get 
turning-force wc continue, however, to use the intermediate curve 
Villi on Fig. 132. 

The error in the determination of pin-pressures by Fig. 158 
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is greater where the pressures are small, and the rod-angle large, 
in the second and fourth quadrants. But the large pressures are 
closely detennined, and al>solutely all the data that could be 
desir(»d for the purposes of the not very exact science of designing 
the machine are given by this figure. 

(d) PuKssiTRKft OS TiiK Crank-pin. — The results given in 
Fig. 157 are shown according to another scheme in Fig. 159, where 




Fk?. 1.")0. Diaj^ratn of Pn*ssurf»s on th<» Crank-pin. 

each crank-pin pr(\ssnn* is drawn on its lino of action with refer- 
ence to tlio crank, and wv scc^ the point on the surface of the crank- 
pin at which the prcssnrc is central for each position of the mech- 
ani>in. The (liaiirani can he most conveniently drawn by putting 
the fi<rnre of the* crank on a sheet of tracing-paper, pivoting it 
at () on Fiir. l')7, th(Mi brinsiinjr (' to successive positions, tracing 
th(^ direction of CI), and nieasiirin*!: hack its length. This figure 
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IiShows haw, when the etigine runs in one direction, the preseiire and 
the wear are nearly all on one sitie of the crank-pin. 
The changes in preasnre at the dead-center, from 360° to 0^, 
Biid from 180 F (fon^*ard) to 18() R (return) are not really instan- 
taneoim, as shown here and by the dotted lines on Fig. 157; bnt 
are made more as indicated b}^ the fuH-line curves on the latter 
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Fin. 160— Diagram of Guide-reaetion. 



f^) Guide-bar I^ressures,— In Figt 160. laid out on a Rtroke- 
line base, are given ounces showing how the guide-reaction varies 
B throughout both slroki^. The full-line curve is plotted with FW 
* on Fig. 156 as ordinate; that in dottetl line shows Q as comple- 
mentar>' to S, as in Fig. 133, got from the same values of P that 
were used for Fig, 156. The effect of the vertical inertia*com- 
ponent at the T\Tist-pin (WK on Fig. I;i0) in tending to lift the 

t during the forward stroke and to force it down dinging the 
m stroke, is clearly shown; the difference between the two 
cur\^e8 being simply this vertical inertia, as explained under 

»Fig* 155. This action respectively diminishes and increases the 
forces which the guide must exert upon the croes-head in the two 
strokes. 

(/) Pressures on thb Shajt-be.'IRIKOS, — The method of 

32 (e) and Fig. 103 III. gives an entirely satisfactory solution 

|to tlie problem of finding the pressures on the main tarings of 

1^11 engine: but as there pres^nt-ed it h applicable only to the simple 

Base where oil the force-actions are symmetrical with respect to 

the plane of motion of the crank — that h, to a center-crank engine 

^nth eiiual wheeb ami mth the same load-forces on both wheels. 

The n\ore generul c^Mse of the ordinary side-crank engine is partly 

JluMmted in ' < 

CouMidoriiij '- dri\nnsi-force P as acting upon 

lir» iTank-pin, vta kv^ furrt [> held in ec|iiilibrium by 
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beinff the <yv«rtuuif c of the enak-pai henmd the middle of the 
main hearini^ Op aatl rOacjuice fr bet w een the latter mnd Ae ott- 
hnerd hesrinfl: O^ Tahaae the origin of momenta at O^ ve fei 
Bj by the idadon 

B.-*-J^P; rsra 

anrl ainee A^ Ir the miriiile one of & set of tfafce panHri Ibrees. «e 
get B,M ("Jk^ — P"': or. ukinfr momenta about Oj, 

«, = |/* r274) 

Th^" flrraphifal method of determining parallel forres when one 
o^it of three ia knoum is afao ahovn on Fig. 161 1. To get B^ (max 
F, with the center of moments on the line of JB^r we draw anr 
eonvenient baae4ine FG aeroas the three foree4ines (not neces- 
sarily at ri^t aniries to them): then on the fine of B^ measure 
off the length of P at DE. and draw FEH, cutting off the length 
of £,. at GH. frnni the line of P. From the proportion 

r)K:nH = DF:GF, 
wf* havf 

p/ h^c)=BiXh; 

the int'^rrhanfire of the two fonts between their respective lines of 
action fulfilling the rrfjuirrmcnt of inverse proportionality to dis- 
tanrrs from the orijrin. The thir«l force is given, of course, by 
subtractiori. a?* KH. To get it primarily, we should use LK as 
bflj^e-lino. transfer /' to FL, and cut off B, at KH. 

(g) KxTRA pKfussuRK OX THE Bearixgs. — ^Thc effect of thii 
tuniing-inonient in the plane of the shaft-axis, due to overhang • 
<}( tlu* erank.M, is particularly strong in lpcomoti\-es which have tla 
connectinsr-rrxls r)ut?<ide of the coupling-rods, so that the d irta an 
c is loniT in coniparisr>n with by in Fig. 161 II. When the two A 
act in the Karne (lin*ctir>n. the two B's aii^Mltfiar equal to their 
sum, and tiiere Lh ver>' little extra-pn H^lftl ^^^f ^ '"V^' 
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they are opposite, their turning-effects unite to make the bearing- 
pressures much larger than those on the cranks. 
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Fig. 161. — Unequal Pressures on the Bearings. 
To find -Bj on Fig. 161 11. , we take moments about Oj'and get 
B,Xb=P,X{b-\-c)-\-(-P^)Xc; 



whence 



Similarly 



5.=/>.+^(p,-p,). 



(276) 



B,=P,+J(P,-P.); 

and we see that the extra-pressm^, or the excess of each B 
• over the P on its side, is the same for both sides. This excess, 
^P*)- is small when Pj and Pj are in the same direction, 
iben their directions are opposite, so that their algebraic 
eir Unear sum. 

ates the variation of these forces throughout one 
Lshaft. The base-Une is the developed crank- 
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dfele; and curves L and IL an^ plottad lor the respectiTe ttclii| 
from diagraim like Pig 130 IIL Xow tlvtt diffaeaee (Pj-F,! ii 
^ven by the ordinate-length ititcrcxrplcid hetw&tm these two cu nmi 
iiul to g«!t the extra-fircse^ires we use tlie radtictiorH 
V,, which embodieft the ratio c : b, and ia gm by utafcixtg 

CB : AB -«c : 6. 

'^SHking nny Inti^rf^ept as DE, we mea^um it off from A simig AB; 
Md the vcTticuil at its end, up to AC, b tht^i laid off at DF and EG^ 
io aa to get poinu on the B-cmvm, UL for B^, IV. for B^ 





Fia. l(J2. — Bearing-prieBsufQi in a Locomotive. 

In this locomotive, the total mdth (2c+&) is alioiit twice 6; 
io that c/b iH one^half, and the iTmximum bearing-preasuf^g are 
about twice the coir^pondjng crank-pin pre^ures* This is an 
ftxtreine cme; ami in statioimry engin<B it is Hkely that the ex^sm 
will not Ix? more than from 10 to 30 per cent. 

(h) OiAf^RAMs OP BBAiirvn*pRES*iURE- — ^To Uhmtrate the appli- 
eation of Fig. 103 111*^ m modified by the conckisionn in {/)> vm 
apply tlie f(»r€e-actions represerited in Figg, 132, 157, etc., to the 
Gtj^n««-fthaft outlined in Fig. 1(53, belonging to a side-crank engine 
with the armature of a generator mounted lx5Btde the whet*!. The 
Icia^l l^)f?ing in tho form of a torque only, if the amiatun* m properly 
mnUri^l in the field, the forces to be combined are the erank-pbt 
pre»aurc /\ the free eounterforce f\ and the weight W, Wah 
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the dimensions on the figure, these forces are divided between the 
bearings in the following proportions: 

Force at O, at O, 

P. . — = 1.24 — = .24f-) 

59 59 ^ ^ 

^. s='" i=''(-> 

These ratios are got by the method of (273). 




Fig. 163.— Outline of Engine^haft. 



In Pig. 164 is shown a series of force polygons like Fig. 103 III., 
taken at equal intervals around the crank-circle, and determining 
the pressure Bi at the main bearing of Fig. 163. These diagrams, 
like all the others, show force per square inch of piston. The 
weight, W/A, is about 15 lbs., of which 9 lbs. are carried at 0^, 
and 6 lbs. at Oj,- F^/A is 17 lbs., equivalent to 17x1.17=20 lbs. 
at Oi; while P is taken from Fig. 157 and multiplied by 1.24. 
The resultants give Bj, in the direction of action of shaft on bearing. 
It will be noted that the pressure on the crank-pin is decidedly 
the predominating force, and that the prevailing direction of bear- 
ing-pressure is nearly along the stroke-line of the engine. 
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Similar diagrains can easily be drawn for the out-board bearing, 
keeping in mind the reversed directiona of the components of P 
and h\ at O3. 




Fig. 164. — Pressures on the Main Bearing. 

§ 39. Friction and Efficiency. 

(a) Two Kinds of Fuktion. — In undertaking an analysis of 
the frirtional resistances in the en^ne, as to their manner of action 
and as to their amount, we encounter questions of considerable 
complexity, which cannot be very closely answered. The first is, 
If we know tlie noniial pressure l)etwe(Mi two rubbing surfaces, or 
th<» force whicli pn»sses one upon the other, w*hat is the tangential 
resistance to their relative motion? Detennineil by the eon(iitions 
of workin^r, the answer to this (juestion Hes somewhere l^tween 
the two extreme cases which will now be set forth. 

On tlic one hand, the older theor\' of friction, base<l chiefly on 
Morin's n^sults which w(»r(» publish(Hl about 18.'i5, makes the resist- 
ance to niov(Mncnt a certain fraction of the total normal pressure 
lK»tween the surfac(\s. This fniction, or the ** coefficient of friction." 
is affect(Nl \)y tlie inat(Tial anil by the character of the surfaces and 
by the ile^ree of hihrication; but the resistance is independent of 
the area of contact, unless the latter is so small as to cause an 
excc^^ivf^ sfx^cific pressure. It is now known that this applies to 
dry, smooth surfaces under nio<lerate pressure, and to tlie case of 
partial hibrieation \mder heavier pn's^^un?: but that any particular 
coeilicient is appHcai)le only over a narrow ran<r<* of coin lit idns. or 
that the ratio of friction to pressure is a much more variai)le (juaiititv 
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than was supposed. Under the eonditiom just stated, the initial 
resistance^ or the friction of starting, h greater than that which 
exists after a good velocity of inovement has been established; 
at fii^tj the decrease is rapid ^ith small increments of speed, then 
the coefficient tends to become constant. 

As the result of a later body of experiments, made within a 
few years of 1880, it was found that with full lubrication — ^that is, 
with a film of oil between the metallic surfaces, anil separating them 
so as to prevent actual contact of t!ic solid boiUcs— the resistance 
to motfofi followed law^ far tiifferent from those l>efore accepted. 
In this case, the friction depends upon the area of contact, 
and increases with the velocity; but is only slightly affected 
by intensity of pressure. For the maintenance of this condition 
of w^orkiug, the lubricant must be freely and continually supplied, 
and tuust have a ** body'' or viscosity bearing some relation to the 
ititerisity of the bcariug-prcssure. A thick, sticky oil will carr>^ 
a far fiighcr specific pressure, but with a correspondingly higher 
resistance, than will a more fluid lubricant: and it appears that a 
close adaptation of lubricant to pressure w^ouKl tend toward a 
folto%ving of the older law. 

(fc) Frkttion in Machines. — In most machines, the actual 
relation of friction to w^orking-force lies somewhere between these 
extremes. To take a common case, the pressure betwc^en bearing 
and axle-journal under railroiul cars varies from about 100 lliy. 
per s<i. in. when empty to 400 lbs, when loaded ; and it is found that 
the tractive resistance, on level track, is about 8 Ibis, per 2000 lbs. 
of empty weight, about 4 Ibii, jjer ton of total weight when loadetK 
The raiUus of the wlieel is about seven times tliat of the journal; 
so that the resistarict*s just given are eciuivalent to 56 lbs. and 28 U>s. 
per 2000 lbs. of normal pressure, or to a ct>eHjcient dropping from 
.028 for the light load to .014 for the heavy load* But while the 
ratio becomes smaller, this decrease is not fully complemeutar>^ to 
the incre-ase in load, so that the total resistance becomes greater, 
changing from 2.8 lbs. to 5.6 lbs. per sq. in, of bearing-surface. 

It is a pretty well estal)lishetl fact that in a well-ma4le steam- 
engine the friction-loarl varies but little, if at all, with the useful 
load, or with the power developed by the engine. A number of 
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reasons can be given to account for this apparently anomalous 
action. With truly-fornied surfaces of journals and bearings, of 
ample size and fully supplied with oil, the conditions are favorable 
to the existence of simple fluid friction, which is independent of 
the pressures acting. Further, the forces in the mechanism vary 
less widely than do the effective driving-forces which work against 
the load. The degree of tightness of the bearings, necessary to 
running without lost motion, combined with the capillary action 
of the oil, may give quite a high oil-pressure and initial resist- 
ance, without regard to external forces. If the bearings run at a 
higher temperature under heavier loads, the tendency to increased 
friction may 1^ partly balanced by the greater fluidity of the oil. 
And some of the resistances, as those to the sliding of the piston 
and piston-rod, and to the movement of the valve, may be very 
little affected by the change of power. 

(c) EsTiM.vTiNG THE Friction OF AN ENGINE. — ^A faoT idea of 
the probable frictional resistance in an engine, as far as determinable, 
may be got by using .02 to .06 as the coefficient of friction for the 
rod-pins and the bearings, and .08 for the cross-head, with the 
engine at about its rated power. Thus for the crank-pin of the 
engine which we have been using as our example, the pressures 
are given by Fig. 158, but not quite on a basis which fits them for 
direct application to this case. Approximately, disregarding the 
secondary effect of the swing of the connecting-rod, these forces 
are plotted on a base proportional to distance travelled by one 
nibbing-surface upon the other by laying them out on the developed 
crank-circle, in Fig. 165— which is very similar to curves I. and 
II. on Fig. 162. 

Measuring the areas under these curves, and counting in the 
reversed pressun^s near the end of each half-revolution as if they 
were positive forces — because friction is not a matter of direction 
of pressure, but only of its intensity — we get the average force 
shown by the lines CD, EF: AC, equal to 44.9 lbs. per sq. in. of 
piston, is less than the M.E.P. of 48.5 lbs.: AE is almost the same. 

The (Tank-pin, 6" or 6.5" in diameter in a center-crank engine 
of this size, will have a circuniference of about 20". Witli an 
average pressure of 46.8 lbs. and with .04 as the coefficient of 
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iction, the tangential resistance at the surface of the pin will be 
1.87 lbs. While this tra%^ek 20", the M.E.P. an the piston requiretl 
to overcome it mil travel two strokes, or 30"; so that the latter 
force will L>e two-thirUs of LS7, or L25 lbs. This would be 2.3 
per cent, of the total M.E.P. ; and if the total friction were known to 
require 10 per cent, of the M.E.R to overcome it, then the crank -pin 
would be respoi^ible for 23 per cent, of the friction of the engine. 
This methotl, while represent big a pleasantly complete theory 
of the subject^ is greatly diminished iji practical value by uncer- 
tainty as to w^hat coefficient of friction shall be used. Also, 




'rank-pin Pressures on Distance- base. 



some of the resistanees^ notably the internal sUding frictions, are not 
determinable to any satisfactory degree. The actual prqcedure, 
ill designing and building good engine^s, is to proportion the beanng- 
_ eurfaces, after strength has been given due consideration, so as to 
^produce specific pressures which experience has shown to be allow- 
able: then make them as true In form as practicable, and provide 
for free lubrication: and estimate the mechanical efficieacy from 
^the perfonuance of other engines of the same sort and under the 
Be conditions, 

l(fi) XIi:rn ^Ni<ML KFriciEKCY OF Enginks,— With small engines, 

nd up d horse-power, the effective work delivered 

U !?.' "r^ ^ by substituting a friction-brake, or 

silj^r , 'm usual loacL In many cases. 



A 



320 



THE MECHANIO? OF THE ENGINE 



■ ■- n.j 



where the los^l is -.iirecTly applied, i: CAn be r.jea^urp.: — il- :- -^ 
irjdii-^ior :!i p'.i:!.]»> liij-.i (-"iLpresscrs. \*t bv :"rit rf^diior? • ::.- 
♦•'«-H-:r:^-ii! i:i?:n::!ieni5 when dr:vi:ic a ce:jt'rL»":^»r r»'j: -j^uil- 
>r:it' f nci i<.>! j-efTec: '"c^iiie* :hii: of :he f:.in:je pr.cer ir iui::u;»r :: 
tLl- ■.ii^ker!.i:;ii:i'»!;: aii-.i w;:h :he seneri:..*!. :rit ejef'i.rjrri. j ^^ r 
a-: je ! :.• :h»' fricvi-.':.. It: ::.ii:n- Lrre t.^prjes. -nhere :.:k j «* . > 
i:iv.';i:ir:i':»u-. i: i* !i.?»: >:«<:•.• -r :■» ::ira- ■.:!>:• "he fhttjo:.. f'^ei •■" v.: 
exTK'iio:.: of r\::.:.::LZ 'he e^dje iiiih: whho'j: fi'Vi-r:;:*. j.is*;. :*ii 

T: -K- :xv: : : .e: : . ■ • ^ ■ -f r-.- : •r^.'^v* .: j j: : : .t' >>; ■.:'. : ? . •: :* :: je:-:;ii:« -:*. 
erji-ieiicy-Tes: i* ^hown in KL;. Iw. T: •. -i:*?.—'..:!^ i- :h-: .-.i... ■:.> 
£, ,1.- > wo: ::t :ir..:ii:: ::- 



' 75- 

^-pi 

. . . . . ^ — rf-^C 

» ■ ■ ■ ■ ■ ^ ,* ^ — 

. . -^ . -^ ^— J J 

. ^ * ' . .: 



A A ^-r A:^ 



:i:-r.- 




•y. 



r:.v»:. 



■ 4' 
~ * h — 



A": - 



-.-5 01 the r:*:^-; >^-vit 

T •"'**TO«u expnssioD 

•' speed— is not 

H force 






i 39 id)] 



FRICTION AND EFFICIENCY. 



321 



either M.E.P. on the piston, or mean tuming-force on the cranky 
or tangential resistance at the rim of a wheel, as desired; and 
values from the indicator card and from the effective load being 
compared. 

As to the efficiency realized in engines, it will be found to vary 
from 75 to 95 per cent., imder a load that is a fair proportion of the 
rated power; with 90 per cent, as a good value to assume for high- 
grade engines. Data on this point will be presented and discussed 
in Part II., in connection with the thermodynamic performance 
of the engine; and a great deal of information on the subject of 
friction in general, as well as engine-friction in particular, will be 
found in any good handbook for mechanical engineers. 



§ 40. Counterbalancing. 

(a) Diagrams op Shaking-force. — Under the approximation 
of assuming part of the mass of the connecting-rod to be concen- 
trated at the wrist-pin and the rest at the crank-pin, the moving 
masses which we have to consider in this connection, and their 
inertia-forces, are shown in Fig. 167. Here 

Ml == total reciprocating mass, including part of the rod. 

3/2= mass at crank-pin, which may include, besides the rest of 
the rod, the crank-pin and the crank-arm or hub. 

M, =imass of counterbalance, here taken at the radius OB, which 
is not necessarily the same as OC or R. 

^9 




k 



Fig. 167. — Accelerated Masses. 

Now F\ is a component of Fq, the ideal centrifugal force of M^ 
according to (222), or 
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As to Fj ami F,, their residtaiit F»^F^~F^ (sec Fig. 105) ii 
the frw couiitcrforce vvliose horizontal componont partly balaooei 
Fj. Thii* cumjKiueiit is 

H^Fiema. 

By stibtmctioE, we pt the bomontal shakitig-forcve to be 

I? 
Sn -(F^-Fb) COS a + j- F(, cos 2«. . . • (276) 

A circular tlmgram which will give Sn for any cmnk-aiigl(? b 
derival froni Fig. 128 by chaitgirig the raiiiuB of the cm-le to 
(F^-Fti) without changing the tlLstatu*e of points on the eur%^e E,Ej 
from the line GU, Thus, in Fig, 168 L, the diBgram on AB is 




Fio. 16S.— iShnking-fonsis Components. 

drawn with F^ as radius, and gives Fj ; whicli would 
with Sn if A/a were matio ef|iiivaleiit t*j A/,, or F^ ^ 
that Is, if the rotating niai^es on the cnuik wi^n* brou^j 
balauee* If F, were absent, F© would be a ncgativ t 
we should uae the riuliys OA, -f^ yk^mth U; 
the E-cur\'c is stretched out vertnu ^|BJ!%Ej. 
ia drawn for Fb =iF^ and the lO-cui ^m BqiiGemn] 
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The amount of counterweight necessary to bring the crank- 
disk, with its attached rotating mass (part of the connecting-rod), 
to a state of centrifugal balance about O is well called the dead 
counterbalance: and the excess of F, over F^ is then the free 
counter-force. 

Similar diagrams for the vertical shaking-force, 



5v = —Fb sin a, 



(277) 



are given at 11. and III. In the first, for no counten^eight at all, 
the minus sign is neutralized by that of Fb, and the angle-scale has 
its zero-point A at the left, as usual: but where Fb has a positive 
value, we must measure a from the other dead-center in order to 
get Sy, in direction as well as intensity, by direct measurement from 
the figure. 
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Fig. 1G9. — Shaking-force Cun'es. 

Diagrams on the developed crank-circle are given in Fig. 169. 
Here the first term of (276), (Fq — Fb) cos a, is laid off from the 
base PQP in one direction, in a simple sine-curve for each value 

R 

of {Fq—Fb); and the second tenn, j-Fq cos 2a, is measured from 

PQP in the opposite direction, in a sine-curve of half the principal 
period. Then Su is given by the ordinate measured from this 
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E-curve to the particular AB-eurve, as indicated by the airov- 
heads. It is made apparent that with a hi^ degree dt balancdog^ 
with Fb a large fraction of F«— the effect of the ocmnecting-nxi, « 
shown by curve E^E, becomes of greater rdative importance. 

(fr) The Polar Diagram. — ^Using the exact determination of 
the rod-force, a good graphical representation of the combined 
inertiareffect of the moving masses is got by the method of fig. ITOi 




Fio. 170. — Exact Construction for Shaking-force. 

The forces are shown on I., and the manner of combipation in II. 
Having F2 detennineil on Fig. 152 and F^ by Fig. 128 or by Eq. 
(222), we combine them along either OCB or OAB in II., as con- 
venient; or it may be easier to transfer F, by means of its coiii- 
poncnts. getting B by laying off OD and DB. In any case, the 
resultant (JB is the shaking-force without any free counter-balance; 
and after BIO has Ix^n laid off e(iual and parallel to F^, the final 
resultant Is ()E. 

In Fig. 171, this method is applied to our 14x15 engine, with 
Fiq/A=27 11)s., /'V,Al = 18 lbs., for the slide and the connecting- 
rod n?spectively, as in § 38 (c). The complete construction, just 
like OABIO in Fig. 170 II., is shown at 30°. The radial rod-foiw 
F2 was dotennined in tlie eoiLstniction for Fig. 157; while /*, ii 
got from tlie usual cirojular diagram. Curve I. oorresponds with 
diagram No. 1 on Fig. 168 I.: and its vector-ordiDEtes aie vnj 
nearly the same as the resultants of horizontal MBnMQti boon 
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this circle No. 1 and vertical components from Fig. 168 II. 
-curve II. the same comiterforce is used as for diagram No. 
Fig. 168 I. 



For 
2 of 




Fig. 171. — Polar Diagrams. 

(c) Division op the Rod-mass. — Figs. 168 and 171 are drawn 
for the same fundamental force-values, with the purpose of com- 
paring the approximate and the exact method of determining the 
inertia-force of the rod. Inspection of Figs. 149 and 150, and 
especially the location of the E-points on Fig. 152, shows that for 
combination with the other inertia-forces, more than half of the 
rod should be brought to the crank-pin. In the figures under dis- 
cussion, about five-eighths of the rod is at C, three-eighths at W : 
that is, with symbols having the same meaning as on Fig. 167, F^^ 
is 34 lbs. and F^o is 11 lbs. Then for curve II. of Fig. 171, Fg is 
28 lbs.; while the radii of the circles in Fig. 168 II. and III. are 
11 lbs. and 17 lbs. respectively. 

To compare the two methods, the abscissas of points on curve 
I., Fig. 171, or their distances from GH, are measured off from the 
corresponding enuik-piiii positiiini on the circle: and the resulting 
E-curve, dnni^.fim?^ tti ^nds, is practically indistin- 
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It appears then that a gocKl general rule for the division of the 
rod-mass is; 

To find turning-force and pin-preasmeSi put half the mass o{ 
the itxl at each pin— as already stated in § 37 (b). 

To find sliaking-effect, put five-eighths of the rod at the cnuik- 
pin, and add the rest to the slide-mass, 

(rf) The SiDE-ciLVNK, Duplkx Engine. — The preceding devdofK 
ment of the subject of shakiag^force is full and complete for llie 
single center-crank engine, where the eounterbalanee on the tw^ 
crank-ciisks is symmetrically placed, so tliat it ran be repre^ieritft] 
by a single mass right in the plane of the tTaak. We will now 
extend tlie discussion to cover the case of a non-symmetrical 
balance and of two engines working on one shaft. 
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Fio. 172. — lnerti»-force Outline of the Duplex Quartf<f-cmnk Engiot. 

The mechanism of the double engine with crankJ at nnhi 
angles is outlined in Fig. 172: and we ^nsh to determine firs 
combined effect of the two slide-inertias Fj anrl Fj, am! ■ ' 
how the action of the balanee*weights Is tnodifird bv th^ 
they are nearer the center-line MN tha^ Its*. It ^\ I 
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notetl that only the free or effective counterweight is here 
shown. 

The principle of the double effect of a non-central force — given 
in Fig. 103 II., and extended under Fig, 147--is the foundation 
of this {Uscussion. Viewing the plan of the engine, Fig. 172 IL, 
we see that none of the forces under consideration acts upon the 
center of inaBs, which is on the line MN : then each of thase forces^ 
as F^^ will have two tendencies; first, to give the center of the whole 
engine-mass a direct acceleration, as though the forces were along 
the line MN, or in the vertical central plane; second j to give an 
angular acceleration about this center, exerting the moment F,a, 

To get the combined shifting tendency of the sliile-inertias, we 
simply consider the plane of the elevation, Fig. 172 L, to be the 
center-plane, imagining the two forces F^ and Fj to be transferred 
or projecte<:l to the center-Une MN. Then we have only to take 
their algebraic sum to get the total shifting^ or direct-accelerating^ 
force. 

Taking the right-hand as the principal or leading crank, whose 
angle detennines the position of the mechanism, and considering 
the inertia-force positive toward the left, we have 

F,=fJ cos a, + J- cm 2€ic,y . . . , . , (278) 

Fa=FJcos (cti-90)-h^ cos (2«^,- 180)1 

=FJsin«i-j^ coa2afij (279) 

Adding these and dropping the subscript from a^^ we get, for the 
total force, 

SH=Fo(coaa+sina), (280J 

lie two rod-effects neutralising each other* 

(f) Graphical Determination of 8hipting-force. — Now 

ipal part of F^ and of F^— respectively F,^ cos «, 

the horizontal component of an ideal radial force, 

tit 1 If II cif the.se twO; Fji(cos re+sin oe), the horizontal 

iiif*' -iiidf' radial force, which force is the resultant of 
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the two FqS. This is proven in Fig. 173, where OCj and (XJ, are 
the respective Fo's, and OC is their resultant: then DOCj is a, and 



also 



wherefore 



ODi = Fo cos a, ODj =Fo sin a ; 
ODi=CjF=DjD: 

OD =Fo(cos a +sin a) =S'a ; 



This OC is \/2xFp 



and OD is the horizontal component of OC. 
or 1.414Po; and the value of 5 is therefore 

Sn = 1.414Fo cos (a -45°) (281) 

The two counterforces, sliif ted to the center-plane and represented 

by OBj and OB, in Fig. 173 II., 
can likewise be replaced by a 
single resultant OB, whose hori- 
zontal component OE will oppose 
f OD, while the vertical component 
EB will be a free* shaking-force. 
The results of this investiga- 
tion are expressed in complete 

Fig. 173.-Combined Radial Effecte. graphical form by Fig. 174. The 

circle in I. is drawn with 1.414 
(Fq— Fb) as radius, Fu standing for cither F^ or F^ on Fig. 172. 
The zero of the angle-scale is located at the position which OC, 
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Fig. 174. — Diagniiiis of Shifting- force. 
Fi^. 173, will occupy when a for crank No. 1 is zero, or when OCj 
is on its zero dead-center: and to get Sn we locate the actual value 
of a on this ande-scale and measure over from the circle to GH. 
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In Fig. 174 II., the diminution of OCi and OC, by CjJi and CjJa, 
each equal to F^y is shown with the purpose of giying a clear idea 
of the size of the primary forces. Then the resultant OK is the 
radius in I.; while CK, the same as OB on Fig. 173 II., is used as 
ra<lius in III. This second circle shows the vertical shaking-force 
Sx in the same way that I. gives S^] its zero of angle being diamet- 
rically opposite to that in I. 

(/) Turning-effect of the Combined Inertias. — Referring to 
Vig,. 172 II. , we note that F, and F^ both act at the end of the lever- 
arm a; and that when they point in the same absolute direction 
their moments oppose each other. The best way to combine them 
is to imagine Fj to be swung, at the end of its radius a, through 
180° about some point on MN, until it comes into the line of F^: 
then the algebraic sum of the two forces in this position — which 
is the same as their algebraic difference with Fj in its actual direc- 
tion — is a resultant free force acting at the end of the radius a to 
give the engine an angular acceleration about a vertical axis through 
the center of mass. Calling this turning or twisting force T^, we 
have, without counterbalance, from (278) and (279), 

R 
Ta^^F^ -F^ =Fo(cos a -sin a) +2y- F^ cos 2a, . (282) 



the two rod-effects acting together in this combination. 

In Fig. 175, the reversal of Fj in bringing it into the line of Fj 
is represented by the reversal of 
the Fo for the left side, from OC, 
to OCj! then the major part of 
the force T^ is the horizontal 
component of OC: for 

0D=0Di-DDi=0Di-D30 
= F(,(cos a— sin a). 

The two counterforces are com- 
bined in the same way at II., 
after reversing that for the left 
.-^ide, just as in Fig. 173 II.: Fig. 175.— Radial Twisting Effects, 
except that a reduced value of F, and F^, or of Fb, must be used. 




Thttt is, Fb at tlie 
FB'atthendiuBa. 
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bf aamalkriione 



6w9lie 
totlie 



Fj^^r^ 



n-^F^ 



Thk reduced f oree is laid off as OB^ and OB^ mlL^h/a having tl» 
value 0^ 




Fig. 176.— Diapmmsof Tviftin^offce. 

In Fi^. 176. (liafn^nis like I. and III. of Fig. 174 are drawn 
together. alK>ut the same center. The naulius <rf circle I. is the 
difference lx*tween (X^ and 1>B of Fig. 175. or it b their algebraic 
sum, liaving the value 

7-, = 1.414^f;-^-F,): (2S4) 

and the horizontal onlinate to (iH shows what T^ wouKI be with 
infinite connet^tinir-nHl. Calling this T, its x-alue b. as above. 



T -^{F^-FitKcodi a -sin a^. 



The nitliiis of cin*le II. is 1.414 Fi, and its orvii 
is a fnv fnrct* which, acting at the end of the le 
til nn-k the engine on its foundation, or to give itf 
tion al>out tlie center-line .MN of Fie. 17*2. 



(285) 
from AB 



\tm|||a from AB 
v^ ^^ tends 
,f Vecilla- 



\ 
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Diagram III. on Fig. 176 shows the double rod-effect. 



t =2-f F, cos 2a. 



(286) 



It is an inertia-diagram of the usual sort: the radius, here F^, can 
really have any length that may be convenient, provided that the 
distances GE,, OEq, and HE, are each equal to 2nFo, where n 
stands for R/L. Intercepts between the E-curve and GH give 
values of i. 

(g) Developed Diagrams for- the Duplex Engine. — ^The 
forces shown in Figs. 174 and 176 are represented in Fig. 177 by 
curves on the developed crank-circle, similar to those in Fig. 169. 




Fig. 177. — Cun'es from Figs. 174 and 176. 

By combining all these curves on one base, we get a better idea of 
the magnitude of the force-actions, and especially of their relative 
periodicity: and where separate components of a force are given 
by the circular diagrams, as in I. and III. of Fig. 176, it is only by 
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<lrawiii;r resultant curves that we can clearly see the manner of 
variation of the whole force. 

Curve I. shows tlie full shiftinfi;-force of the two slides, and 
wouM Ix? pot by usinp the whole radius OC' from Fig. 173 for a 
circle like Fig. 174 I.; and II. shows the actual *S,|, after this radius 
has IxHMi shortened by the R^ultant counterforce to the length 
used in Fig. 174 I. 

Similarly. III. shows the undiminished twisting force due to 
the two slides; while IV. is laid out from Fig. 17G 1. Cun-e V. 
repr(»sents the rod-eflfect /. its ordinates l>eing taken from Fie 176 
III., and measured off in a direction opixxsite to that used for all 
the other curviv^. in order that the total twisting-force, Tn=T-i, 
may be given directly by the intercepts lietween IV. and V. 
Values of »Sn ^^'i^l '^ h ^i'"^' indicated by alternate foreo-ordi nates: 
and the most noteworthy fact Ls the marketl influence of the nxl- 
ofTect in modifying the synmietrical, sinusoidal force-action shown 
by IV. 

The vc^rtical actions are j)lotted from the lower base-line, cun'c 
VI. from Fig- 174 111. to show .Sv. VII. from Fig. 170 II. for 7\. 

(//) 1)i:ti:uminat1()\ of tiii: Rod-kffikt. — The method of the 
radial rcsultaiil. devcl()|H'd from Fig. 172 and apj)lied in the set of 
<iiagraiiis just discussed, is v(My useful and convenient when wv 
wish lo dclcnninc th(^ action of the shaking-forces in a complex 
onginc. Hut to make it complete, we must have an e(|ually sim}»Ic 
and general way of getting tli(» resultant of the several rod-eflfecis. 
Of the inertia-force of tin* slitling mass, the component which Ls 
due to tlie rod-action h:u< tlie valu(^ 

i -^ I /'n <'<>> '-a - /J''„cos2a: .... (2S7) 

:nnl in I'ig. 17S is evolved a simple graphical method of finding thLs 
/ for any crank-angle. 

In Fig. 17.S I., /''„ lias the usual meaning, while /„ is a similar 
id<^al radial centrifugal force of the value /,) -nt^, so that (2S7) 
l)eeoiiies 

//o COS 2a- (2SS) 

Thi^ form of this e(iuation suggests at once that /, 'being a sine- 
funeiioii. can be shown bv a circular diagram of t ^ that we 
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have been using right along for F=Fq cos a; but we see that the 
, determining point on the circle, or the radius /o, yn]l have to rotate 
twice as fast as the crank. The detailed illustration in I. should l)e 
self-explanaton% showing how /^ makes a complete rotation while 
Fo turns through 180°. At 0°, /q, which really lies along F^, 
is also shown a little to one side of F^, for clearness. The circle 



Fo<- 



0' ^tl 




90" 




Fig. 178. — Circular Diagram of Rod-effect. 

in II. is drawn with /o, enlarged, as radius : and the use of the double 
angle-scale, going twice around the circle, is self-evident. When 
•the crank is at any angle a, the end of f^ is at the correspondinj^ly 
numbered point on the scale: and the distance to the vertical 
diameter is /. 

Applying this method to our first case of the complex engine, 
we represent in Fig. 179 I. the assumption that the cranks are 
together at the zero dead-center; under which condition all the 
ideal radial forces will point in the same direction. Now when 
crank No. 2 is turned backward through 90° in order to realize the 
actual arrangement, /jo will turn twice as far as Fjq; and we see,. 

II., that the two rod-effects 



^0^ 



r.o<- 



^o<- 



I. 



^ 



III. 



in 

will oppose each other as regards 
sliifting tendency. But when we 
n^verse F^q by the device of 
turning it bodily into the plane 
of F^Q, w^e likewise reverse fjo', 
and then, as show-n at III., the 
rod-effects combine. 

In comparison with the trigo- 
nometrical method of Eqs. (280) 
and (282), this has the advantage 
of avoidinjz: compHcatcd fonnulas when the angles between the 




^i 



-^ 



-A> 



Fig. 179.— Rod-effect in the Quar- 
ter-crank Engine. 
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cranks are not quadrants; and it also obviates the need of inter- 
preting the direction-meaning of tlie algebraic sign of the angle- 
functions — which is likely to be mentally confusing. 

It must be clearly understood that these radial forces arc only 
ideal, as are the F^s from which they are derived: and that only 
their components along the axis or stroke-line of the engine are 
actual forces. 

(i) Duplex Engine with Cranks Opposite. — Considering 

now this second case of the engine with two cranks, we have the 

conditions as to shifting-force represented in Fig. 180 1. In rotating 

^^ F„ through 180°, from the zero- 

li^ r — ^^ J ^^o position as shown in Fig. 179 I., 

I. \ ** J we turn fjo through 360°: then 

^.^_^^ the main effects are self-balanced, 

^Fb ^ . ^^ and only the double rod-effect is 

—^ — ^ ^ active in this respect. Reversing 

— F ♦ If ^ ' XT _ ___ .1 . .1 - . 



, -/lo ^^- F20, in II., we see that the two 

® slitle-masses work together to 

Fk;. is().-R:idial Analysis of the prepuce angular shake; so that, 
Engine with T>vo Cnmks at 180°. * , , ,. , , 

unless the cyhnders arc so close 

togotlior as to give this force T a very short lever-ann, counter- 
balaucin*:: cannot well l)c omitteil. The roil-effects, however, 
neutralize each other in this action. 

(/) The Thkee-cu.wk Engine. — The typical case of a three- 
cylinder trii^le-expansion engine, with cranks at intervals of 120°, 
is outlined in Fig. 181. Engines of this type are usually vertical, 
especially in marine service, where they are most conmion. To 
give the problem its full complexity, the weights of the several 
slides arc taken to be different: for while the external reciprocating 
parts are generally made alike, tlie weight of the piston will increase 
witli its diameter. 

In Fig, 1S2 I., the three Fo's are combined after the manner of 
Fig. 173 I., to get their total shifting-effect: the resultant of OL\ 
and OCa is found to be OC^; and when this is combined with (X', 
tlie final resultant is OCj. If the original radial inertias had been 
e(iual, their resultant would be zero; and the engine would then be 
self-balanced against the main shifting-tendency. 
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The angular distances of OCj and OCj from the zero-position 
are indicated by the arrows on I.; doubling these angles in II., we 




ffl ffl 



Ct C3 

Fig. 181. — Outline of a Triple-expansion Marine Engine. 

get the arrangement of the radial f^s to be as there indicated by 
numbers. Combining these three forces in a polygon, at III., 




Fig. 182.— Radial Analysis of Fig. 181. 

the short resultant R is determined. With equal f^s, this R would 
be zero: and we see that an entirely symmetrical engine with this 
arrangement of cranks is completely self-balanced against shifting. 
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The middle slide, No. 2, exerts no turning-effect, since its line 
of motion goes through the center of mass of the engine. Briogiiig 
F^ into the plane of F|o, we combine OC, and OC, reversed in Fig. 
182 IV., and' get OC4 as the radial resultant. Similarly, reveisine 
/ao and combining it with /,o at V., we determine the radial force R 
for the twisting-effect due to the combined rod-actions. 

In Fig. 181, the ratio of rod to crank is 4, the rod being usually 
shorter in marine than in stationary engines. This increases the 
amount of the rod-effects; but the latter are exaggerated in Fifs. 
182 III. and V., where the forces arc laid out double the true size 
as shown in II. 

Having the four resultants, OC5 in I., OC4 in IV., Rm and Ry, 
wc can draw circular diagrams like Figs. 173 and 175 and Fig. ITS 
II., and from these plot cur\'e8 as in Fig. 177 to get total effects 
in each action. Introducing equal counterbalances will changi* 
OC, in I., and will materially shorten 0C| in II. An investigation 
into the effect of any particular arrangement or proportions of the 
balance-weights can be made verj' easily by this radial method. 



3/ j\4 



i 



Si \k\ 







3 4 

Vic. \S',i. -Skeleton of a. Foiir-crank Engine. 

(k) Wiii:x TiiK Kn(;ixi: has Four Ckanks, it is most 8>Tn- 
inetrical to hav(^ thoin spaced at (juad rant-intervals aiound the 
circle. Ill tlic matter of se(iuenc(^ alon^ the a.xis, two arrangemeots 
an^ sliown in Fi^. 18:i: at A and in the main view, M{jr JMUrjff 
succM^ssive (Tanks is (juartered; while in B the outside pfUlB Mtlir 
opposite, witli Xos. 2 and ',] at 1)0°. ''J, 

Radial determinations for the first case are mailc ii. • :. ISfcig^ 
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In I. the four F^s are laid out, and it appears that the principal 
shifting tendencies are self-balanced — which is true, further, no 
matter what the order of sequence. The rod-efifects, shown at II. 
and located after the manner of Figs. 179 and 180, also have a 
zero resultant. 

To get the turning or tipping effect — in this case tending to 
give the engine a fore-and-aft oscillation in a vertical plane — we 



l'^ 



1 3 
II. t_t 

it 

2 4 



IV. 



I 4 S 




4^,3 2 3 

Fig. 184. — Diagrams for Case A. 

reduce or reverse all the forces into the stroke-line of slide No. 1 : 
then 2 and 3, having a lever-ann equal to only one-third of a, will 
be represented by forces of one-third their actual length. The com- 
bination is shown at III., and the resultant has the value 



OT - 1 .414 X |Fo = 1 .885^0, 



(289) 



Reversing f^ and /^o from II., and using one-third of /jo and /go, 
we got the combined rod-effect to be as in IV., with the resultant 
equal to four-thirds of f^. 

The second arrangement, Fig. 185, gives a better action. As 
before, the engine is completely self-balanced against shiftinjz;. 
The principal radial turning-force, OT in III., is only half as great 
as in Case A; but the rod-effects are now all in the same direc- 
^liMi, ivntt their resultant is eight-thirds of /q. 

(\iM* C, not i^hownn would have the cranks in the order 1, 2, 4, 3; 

1 niter pairs quartered, the middle one at 180°. This will 

turiiinir resultant the same as OT in Fig. 184: 
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but the resultant rod-eflfect is zero for turning as well as for shifting. 
This arrangement is better than A, but not quite so good as B. 

The vertical or axial components of OT ami of R on Fig. 185 are 
plotted on Fig. 186, in cur\'es I. and II., with the rod-eflfect reversed 



It 



4 



I 2 

ii.it 
tt 

4 3 



If III. 



-^3 



IV 

I 4 




i2 

Fig. 185. — Diagrams for Case B. 

in direction, as on Fig. 177, so that the total force is given by the 
ordinate intercepted between II. and I. This result-ant is then laid 
oflF from the base-line, or its diagram rectified, and we have the 
shaking-eflFect rej)rescnted by curve III. 




ISO.— Cunes for Ciiso B. 



It will be noted tliat curves I. and II. in this figure are related 
as to period just like IV. ami V. on Fig. 177: but with the rod-effect 
of greater relative magnitude, we have two small extra phases of 
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I force variation^ here in the third ffuadrant. On this figure, the 
lines CD and EF are drawn at the distance F^ from ABA. Coin- 
sparing the other two cratik-arrangements, we see that Case C 
fwoiild give a curve like L, but with its ortlinates twice as great; 
while Case A would have this same double-size eun^e for the main 
I effect, combined with a nxl-effect curve of half the amplitude of IL 
^P (0 Complex Engine w^ith two Sthoke-lines.— Engines are 
^^sometimes built with two or three cylinders disposed radially 



^ jr 

is 

T 



around the shaft, and all acting 
pon one crank. As to turn- 
ing-force upon the crank, this 
is equivalent to a common 
engine with two or three cranks. 
The balancing of the most 
important example of this type 
as shown in Fig< 187; and it 
appears from the diagram at 
II. that a counterforce f\ 
equal to F^ will completely 
balance the principal part of 
tlic two slifle-inertii^is. loaving 
only the rod-effects free. This 
gi\'es about the mast perfect 
habncing attainable in a recii> 
rocating engine: and it seems 







Fio, 187.— l^ne with Cylinders at 
Hi^t Angles. 






Strang that an engine on this principle, with two pairs of cylinders 
working on quartered cranks, has not been extensively used in 
Itoqjedo-boats, where vibration from the en^ne has caused the 
greatest trouble, 

(m) EFFE<:-rs of the Shaking-force. — It is far easier to deter- 
mine the unbalanced inertia-force of the moving-parts of an engine 
than to predict what effect this force will have in producing uii<le- 

I sired motion of the machine as a whole: in fact, an answer to thia 
latter qu^tion can be given only in general terms. 
If the engine were supported in such a way that it could move 
freely in any direction, then the recoil of the moving-parts would 
gi\'e tn it a motion similar to that of these internally-moving bodies, 
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but anudler in the inverse ratio of the nuumes. Thus if an enjpne 
weigheil 10.000 lbs. and the unbalanced portion of the reciprocatinie- 
parts 400 His., the whole machine would hAve a reciprocating niox-e^ 
nient one-fiftieth of the stroke in length. 

This tendenc>' to motion is resisted by the foumlation; or, in 
other wonls. the amplitude of the movement is diminished by 
greatly increasing the "* fixed " mam. \llth earth-borne foundationB 
the shaking-effect may be a mere tremor, which only the delicate 
instnmients uso«l in earthquake observations would detect— a 
great deal depen<ling upon the character and structure of the eaith 
or rock upon which the foundation rests. 

With a more clastic support, as in a ship or, occasionally, on 
the floor of a huililinc. a lariEO part of the structure will take up the 
motion of the cnirine-bal. and the highest attainable degree of 
internal l>alancini; liecoincs de:«irahle. The worst «listurbance is 
pnnlucnl when the porioil of variation of the shaking-force coin- 
ciilcs with that of the e]a;stic vil>ration of the structure. The 
latter u* somoihinc tliat can 1* found only by trial. 

In the prncciliiur ilu*ciLs?ion of the combiikcil effects in a com- 
plex onirino. it is assumc«l that the enrine is so coriipaet and ririi 
thiit thi* -ovond inn^>! i\\:\ \^ ir.iW n^pn>s<*n:o.i. a> :«• tiifMroxtornal 

::i•^■:«^; n:.l\ liv :!.«• :*<»:n';:i:i«':.'i. a< in ::.:i:.y s:,-it":ii:;;ir\- *'ni:iri»-s nf 

::» :l.r n>i«"<tii«t* .-i:*ci'^ onciT.t-s are nf :nva*fr ::i*»T'-^t than tiif 
c« »::.": i M •• i r:Tt '«•! . IV;: e :;::i :ii •> i n -a i .ioh : ho i :vr. :a -f< ir« t ■< :i n • hi r:,'*^ 
}.:i:':.-^>'«"*i fu^'-Vi*-^ «>l any c!a?ss —arc •.i?.:a:!y **f i:.»^ rl«is*'-<n;i- 
-:r.<:«-:. m ;f-^'M!»::,::.e.: :• :v. 

T<» >:.ma :!.•' vn-nVi •::.»:. .if ivilan'v in a hir:h-?>;^>^i t-:-mi::r. i: i> 
.■S'>:j.o:i:;.«^ r;:j **\ fxKii'iti-^n wi:*i»iv,i: :>eiriir J*'ltf*i -i-t'-vn. .ir r\f".\ 
r»>ti:.j ♦•:. -::.*•":)'. !«'.'»''k^. >Vi:».:::y in.srr >*;fh ^^n-IitioriS •;# j^-rj.;. 
-;;.:./. ..:. 'l.o :i!.-\\ir : » :1 e ..::f'>:i'in -AliOthcr t:.e ■rr>^i:*>: ^:.;;^- 
\:.^-: ■•?'•>■ > :'•>> ':.:i:. ti.r fr:(':i'»:*ai ri->:>tano^- : • ::. ■ e:..rr.: .:.:." 
* .: ■:•■ -r: 

'. 1..- (■ ■• VT- •;•^ } ; ::T. -Ti.r fMT.-:r: ■:. •::,...:'..•■ - ■< 
: :i":* :.■;.»■•:.: "f v.f" :»;ji;i:.<'-*'-'^'-:ji.*:^ ^i.. ''^- .•>'r. '..:.• ■ • / 
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the fact, as best shown by Eq. (226), that the centrifugal force- 
value of any mass varies directly as its radius : so that for a given 
force, the mass is inversely as the radius. The problem of securing 
a certain relation of the forces acting from the shaft-center is 
equivalent to that of getting a certain gravity-balance of weiglits 
hung on the horizontal crank-line. And a mechanical method of 
adjusting the balance in locomotive driving-wheels, sometimes 
used, consists in hanging on the crank-pin a weight equal to the 
fraction of the reciprocating-parts that is to be balanced, and then 
putting into the counterweight enough lead to give equilibrium 
about the center-line of the axle. I^sually, however, the dunensions 
of the counterbalance are determined in the drafting-room, when 
the engine is designed; choice being made, as convenient, between 
a large weight at a short radius or a small weight at a longer radius. 
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TABLE I. 

CONSTANTS FOR THE CVRYE pv^C. 

References, § 7 (c), Fig. 18; § 17, Fig. 29. 

Col. 1. r = ratio of expansion =r2/ri = pi/p2 ^^ Fig- 18- 

Col. 2. 1/r = fraction of cut-off =ri/t;2 in Fig. 29. 

Col. 3. loge r= hyperbolic logarithm of r= 2.3026 times common 

log. 
Col. 4. This gives the ratio of the mean (total) pressure to 

the initial pressure in a diagram like Fig. 29: see Eq. (88). 
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\ TABLE n. 

CONSTANTS FOR THE CURVE p^^C. 

See § 7 0*) for the ^)plication of this Table; also § 10 (t) and 
1 13 (k), (])f for the particular ourvea r^reeented. 

For the columns marked "Exp.*', Col. 1 gives a set of assumed 
values of the increasing volmne v to the initial volume v^; then the 
Table gives values of the factor a in 



P-aPi' 



-(?)• 



For the colunms marked "Comp.'^ Col. 1 shows ratios of the 
increasing pressure p to the initial pressure Pi; and the Table 
gives values of a in 



r—av, 



The use of the Table is illustrated in Fig. 19. 
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Table IL Conbtaitib for the Cuhve pu" = C* 
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.TABLE in. 
OONOTANTO FOR HEATED WATER. 

Von any temperature I in ® F. are given: 

p-cQrreq>onding absolute premm of steamHConnaaDii; 
X>- wdght of one cubic foot of water; 
tp^volume of one pound of water. 

Here p is taken from the Steam-table; 

D is found by an approximate formula given by Bapldne, 

500"^ T 

where Do is the weight at the temperature of maximum density, 
40"" F., and is 62.425; and 7" is the absolute temp^ature, 4+460. 
This formula is not exact for high temperatures; but since the 
quantities which it determines are of relatively insignificant magni- 
tude, it is quite good enough for all practical purpoees. 

w is the reciprocal of D. 
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Table III. Constants for Heated Water. 



Temper- 


Vapor 


Weisht 


Volume 
of 1 Lb.. 
Cu.Ft. 


Temper- 


Vapor 


Weight 


Volume 
of 1 Lb., 
Cu. Ft. 


ature, 


Pressure, 


per Cubic 


ature, 


Pressure, 


per Cubic 


Fahren- 
heit. 


Lbs. per 
Sq. In. 


Foot, 
Lbe. 


Fahren- 
heit. 


Lbs. per 
Sq-lT 


Foot, 

Lb5. 


t 


P 


D 


w 


t 


P 


D 


%D 


40 


.12 


62.43 


.01602 


310 


77.9 


57.03 


.01754 


50 


.18 


.41 


02 


20 


90.0 


56.72 


63 










30 


103.5 


.41 


73 


60 


.26 


62.37 


.01603 


40 


118.4 


.10 


82 


70 


.36 


.31 


05 


350 


135.1 


55.79 


92 


80 


.51 


.23 


07 










90 


.69 


.13 


09 


360 


153.5 


55.49 


.01802 


100 


.94 


.02 


12 


70 


173.9 


.18 


12 










80 


196.3 


54.87 


22 


110 


1.27 


61.87 


.01616 


90 


221 


.56 


33 


20 


1.68 


.72 


20 


400 


248 


.25 


43 


30 


2.21 


.56 


25 










40 


2.88 


.38 


30 


410 


277 


53.94 


.01854 


150 


3.71 


.19 


35 


20 


309 


.62 


65 










30 


343 


.31 


76 


160 


4.73 


60.99 


.01640 


40 


381 


.00 


87 


70 


5.98 


.78 


45 


450 


442 


52.69 


98 


80 


7.46 


.55 


51 










90 


9.43 


.32 


57 


460 


465 


52.38 


.01909 


200 


11.62 


.08 


64 


70 


512 


51.07 


20 










80 


563 


.76 


32 


210 


14.1 
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.54 


79 










30 


873 
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42.0 
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TABLE IV. 
PROPERTIES OF SATURATED STEAM. 

For the derivation and relations of the quantities in Columns 1 
to 8, sec §§ 9 and 10; for Cols. 9 and 10, see § 13. 

Notes. — ^This Table is taken from the same sources as that 
given in Kent's Me<'hanical Engineer's Pocket-book. From 1 lb. 
pressure up to 220 lbs., the table of Professor Dwelshauvers-Der)', 
printed in Vol. XL; Trans. A. S. M. E., is used; above 220 lbs., the 
values given are taken from, or based upon, the upper part of 
Buers table. 

Derj^'s table is based on Regnault's formulas and Zeuner's 
methods ; Buel's is founded chiefly on Rankine's work. 

llegnault's formula for p in terms of i is of the general form 

log p = a -h Imi'+ cn^f 

\vh(T(» (1, h, r, 7//, and n are detenninod constants, with one sot of 
vmIucs f(.r the ran^^c^ from ()°(\ to 100° C, another set for 100° to 
2()(P ('.; and x is / or a simple function of t. 
Haiikiiic's formula is 

\nfrp^A-Y-f2' 

That the two tables arc in this respect, however, derived from 
the same source. aj)pears from the following comparison: 

p 100 150 200 220 lbs. abs. 

Dery. / : 12 7 57 :i5S.H) 8S1.57 389.66 °F. 

Huel, / :V27.(i:J ;i5s.22 381.04 389.74 °F. 

The values ui\ (»n by Huel are used above 220 without diange. 

The three heat -(plant it ies 7, //, and r are found by m^gngnlt^ 
formulas. M(js. (57) and (5s) in § 10. aiul by Va\. (47): ^nyoipiBI 

the sui)stituti(ni of newly computed values of q and 
i^uel, above 220 lbs. * 
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The volume-increase during expansion, u, is found by the 
rational formula 

_ r dt 
'^^ AT dp' 
which is the one referred to in § 10 (a). Dery's values were worked 
out with the old value of A^ 1/772; changing to 778, we increase 
u (or s) in the ratio of 778 to 772, or by the fraction 6/772 = .00777 
of itself. Similarly, d is decreased in the ratio of 772 to 778, or 
by the fraction 6/778 =.00771. With these corrections, Der>'*s 
values are used up to 220 lbs. 

Since the density d varies as 1/s, and the product ps is not far 
from constant, d varies nearly as p: inspection of the Table will 
show that the difference between successive values of d decreases 
\Gry slowly as the pressure rises. Above 220 lbs., d and 5 are here 
gotten by continuing the law of variation of rf, and then deriving 
B from d. 

These vohime-functions are less definitely determined than 
the heat-quantities, the various authorities showing quite appre- 
ciable differences. 

The external work of vaporization, APu, can be taken directly 
from Dery's table, the change made in u being compensated by the 
use of 778 instead of 772 in A: but above 220 lbs. newly com- 
puted values are given. 

Then I is found by subtraction from r. 

The two entropies, a and 6, calculated by the writer, are ex- 
plained in § 13. 

As to the degree of numerical accuracy, it may be remarkeil 
that the quantities in Cols. 1 to 8 are all carried to one more decimal 
place than is of any practical significance when the Table is to be 
used in connection with any actual tests or experiments. Hut 
there are computations to be made in some lines of theoretical inves- 
tigation where results depend upon small differences between 
large quantities, and where an even greater accuracy of expression 
— or, it might be better to say, a more accurate spacing of the tab- 
ular values — would be desirable. Some annoying minor discrepan- 
cies are likely to be encountered in using the Table as here given, but 
they could not be eliminated without a re-working of the whole 
mass of numerical matter. 



APPENDIX. 

' Tabu IV. Paorarmm 





1 


a 


S 


4 


S 


AbMluto 
Pmraraf 


TmpOTBtura, 


HMt injhm 


J^&L 


Tb«^L«t«t 


^ 


^C 


nSrwhiit. 


-^r- 


HMt,B.T.U. 


"IBS* 


P 


1 


f 


H 


r 


ii/to 


1 


102.00 


70.00 
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70.99 


12 


201.06 


170.74 


3.64 


2.80 


1.34 


13 


6.86 


4.68 


4.78 


0.05 


1.68 


14 


0.66 


8.43 


6.86 


967.43 


2.00 


14.7 


212.00 


180.90 


1146.60 


966.70 


72.20 


16 


213.03 


181.94 


1146.01 


964.97 


72.29 


16 


216.30 


186.26 


1147.91 
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Saturated Steam. 



6 


7 


8 


9 


10 




Inner 
Latent 

Heat. 
B.T.U. 


Volume of 
ILb.of 
Steam. 
Cu. Ft. 
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Saturated Steam — Continued, 
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TABLE V. 

CONSTANTS FOR THE STEAM-CiTLE WITH ADIABATIC 
EXPANSION. 

See § 24 (c) for illustration and explanation. 

For a cycle under the conditions of the ideal heat-engine, or 
for adiabatic expansion in a steam-jet, from the pressure p, at the 
top of any column to any pressure p, at the side, the quantities 
given in this table are as follows: 

E Is the total heat-enerjr}' transformed into the mechanical 
fonn in Cycle B, Fig. 26 or Fig. 45, by one fx)und of steam saturate^! 
and dr>' at the beginning of the adiabatic expansion: this corre- 
sponds with A V in Tables 16 A and 16 B. 

Ki is the similar eflfective j^erfonnance o{ the Carnot cycle, 
Fig. 25, like A U in Tables 16 A and 16 B. 

A'y is tJH* on(Tg>' of the adiabatic expansion of hot water initially 
at ;>,, <'(|u:il to E - A',. 

J-., is ilic fraction of stciiin in the mixture at the end of adiabatic 
exi)ansion from ;>, to />.., when the initial stoam-tjuality was l.(H); 
{\—s.,) measuring the condensation. 

x.„ is a similar measure of tlie effect of expanding hot water 
adial)atically. and shows tlie amount of evaporation n'sultin<: 
from tliis process. 

v.y and r..y are tlie specific steam-volumes at the end of expaiLsion, 
deter; nined in' x.^ ^^'^^^ -^so- 
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Table V. Adiabatic Table for Saturated Steam. 
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Table V — Continued, 
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'» 


' .269 


.225 


.182 


.135 


.092 


.067 






£ 


70.65 


60.27 


50.40 


39.29 


^.09 


20.50 


10.89 




^^, 


67.22 


57.71 


48.54 


38.17 


28.45 


20.15 


10.77 




A-: 


3.43 


2.56 


1.66 


1.12 


.64 


.35 


.12 


105 


^2 


, .9444 


.9523 


.9,598 


.9684 


.9765 


.9834 


.9911 




^20 


' .0789 


.0665 


.0552 


.0426 


.0312 


.0218 


.0115 




»•, 


, 3.961 


3.994 


4.025 


4.062 


4.095 


4.124 


4.156 




''» 


.347 


.296 


.253 


.196 


.148 


.109 


.066 




^ 


' 82.39 


72.10 


62.37 


61.34 


41.20 


32.69 


23.21 




A. 


77.97 


68.65 


59.80 


49.58 


40.09 


32.00 


22.84 




^0 


4.42 


3.45 


2.57 


1.76 


1.11 


.69 


.37 


90 


^1 


1 .9356 


.9432 


.9506 


.9590 


.9669 


.9736 


.9812 




^» 


i .0899 


.0778 


.0667 


.0544 


.0433 


.0341 


.0241 




''a 


1 4.533 


4.570 


4.606 


4.646 


4.685 


4.717 


4.7W 




'» 


! .451 


.393 


.340 


.280 


.227 


.182 


.134 




K 


90.04 


85.78 


70.25 


05.34 


55.28 


40 89 


37 48 




/-; 


1)0.1 (> 


81 .09 


72 53 


02.01 


53.41 


45 54 


:iO 72 




/-^ 


5.88 


4.09 


3.72 


2.73 


1.87 


1.35 


.70 


75 


J-2 


' .92.5^1 


9328 


.94(K) 


.9482 


.9559 


.9624 


.9<i98 




J'a.) 


.1019 


.0901 


.0794 


.()()73 


.0565 


.0470 


.0378 




'"2 


5.321 


5 3(>4 


5.405 


5.452 


5.49<) 


5.534 


5.577 




'» 


.591 


.525 


.4(>4 


.397 


.330 


.28(> 


.230 




/-; 


112.25 


102.23 


92.71 


81.90 


72.08 


03.77 


,54 48 




/'\ 


101.37 


95 74 


87.50 


77.93 


09.05 


01 45 


52.8.5 




/-^ 


7.SS 


r..49 


5.21 


4.03 


3.03 


2.32 


l.rv3 


(U) 


J*2 


.9i:r> 


.9200 


.9270 


.93r)<> 


.9430 


.9493 


.9.5tw 




•'■») 


.1151 


.1040 


.0930 


.0811 


.0714 


.0028 


.0533 




'\ 


(>. 171 


0.524 


0.574 


6.030 


6.(kS3 


0.727 


6.779 




'•^J 


.8:^3 


.753 


.079 


.590 


.522 


.401 


.394 




/^ 


i:v2.(>8 


122.78 


113.42 


102.95 


93.13 


84.99 


75.85 




/^. 


121.91 


113.94 


105.84 


<M>.71 


88.21 


80.94 


72.71 




/•; 


10.71 


8 . 84 


7.58 


0.24 


4.92 


4.05 


3.14 


4."> 1 J-, 


.S98() 


.90.55 


.9123 


.9199 


.9271 


.9332 


.9400 


1 •'■•■.. 


VMri 


.12(M) 


.1100 


.0987 


8^^ 


MK0804 


.0712 


I '■: 


S 312 


8.40() 


8.4()9 


8.539 


P!5.6e2 


8.726 




'"■■«) 


1 22.S 


1 .129 


1 AYM\ 


.932 


.830 


^.782 


.m 
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105 


90 


75 


60 1 45 


30 


Ij 
20 J -A 
















E 


Pi 
















^i 


















Eo 


















^7 


120 
















J-« 


















''2 


















'» 


















E 


















E, 


















e\ 


















^2 


105 
















J^» 


















1-2 


















1'30 




12.44 














E 




12.31 














E, 




.13 














Eo 




.9899 














^2 


90 


.0128 














^» 




4.796 














1*2 




.079 














'» 




26.85 


14.57 












E 




26.40 


14.41 












E: 




.45 


.16 












Eo 




.9782 


.9881 












J-2 


75 


.0268 


.0144 












^20 




5.625 


5.681 












t'2 




.168 


.098 












Vjo 




44.00 


31.88 


17.61 










E 




42.94 


31.33 


17.39 










E, 




1.06 


.55 


.22 










Eo 




.9647 


.9742 


.9858 










^2 


60 


.0426 


.0306 


.0158 










^20 




6.836 


6.905 


6.986 










^'2 




.319 


.234 


.129 










^'20 




65.53 


53.62 


39. ,50 


22.32 








E 




63.22 


52.09 


38.70 


21.99 








Ey 




2.31 


1.53 


.80 


.33 








Eo 




.9479 


.9571 


.9682 


.9819 








jj 


45 


.0608 


.0494 


.0361 


.0200 








1 ^20 




W,«.799 


8.885 


8.988 


9.115 






Ir,' 




miMi 


.475 


.352 


.202 






^'20 




W 
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Pi" 


250 


220 


195 


170 


160 


135 


120 


Vt 


E 


i 160.25 


150.59 


141.45 


131.08 


121.58 


113.59 


101. 6R 




E, 


145.10 


137.40 


130.05 


121.48 


113.51 


106.68 


98.93 


Eo 


15.15 


13.19 


11.40 


9.60 


8.07 


6.91 


5.75 


3() 


•Tj 


1 .8790 


.8855 


.8919 


.8992 


.9060 


.9118 


.91S3 




^» 


, .1500 


.139(1 


.1301 


.1195 


.1099 


.1020 


.0933 




Vi 


11.94 


12.03 


12.11 


12.21 


12.31 


12.38 


12.47 




'w 


! 2.05 


1.91 


1.78 


1.64 


1.61 


1.40 


1.28 




E 


18().02 


177.10 


168.16 


157.99 


148.71 


140.88 


132 15 




E, 


1()6.02 


159.41 


152.53 


144.49 


137.00 


130. W 


123. K3 




Eo 


20. (K) 


17. (>9 


15.63 


13.50 


11.71 


10.34 


8.;i2 


20 


J-j 


, .8<i()5 


.8(V()8 


.8729 


.8798 


.88(53 


.8918 


.8980 




•^au 


. KMW 


.15<W 


.1473 


.1372 


.1281 


.120(> 


.1123 




''a 


17.11 


17.23 


17.3,5 


17.49 


17.62 


17.73 


17.85 




''» 


3.32 


3.12 


2.94 


2.74 


2.56 


2.41 


2.25 




K 


20-1. r>3 


195.2(i 


186.44 


176.45 


167.30 


159.58 


150.97 




Ey 


180.95 


174.(W) 


167.52 


159.83 


\h2.m 


146.50 


1:J9.50 




Eo 


23.ti8 


21.17 


18.92 


16.62 


14.(>4 


13 ()8 


11.47 


15 


•f'i 


; .8481 


.8542 


.8<i00 


.8<)<i7 


.8730 


.878,-^ 


.8843 




•Tau 


. 17()4 


IWW 


.1580 


.1482 


.1394 


.1321 


.1241 




''a 


, 22.11 


22.27 


22.42 


22.60 


22 76 


22.90 


23.06 




''=u 


l.ni 


4.3(i 


1.13 


3.88 


3.(>5 


3.46 


3 25 




H 


22S . SS 


219.72 


211.01 


201.23 


192.25 


1S1.70 


176.27 




E, 


2<M).()2 


193 r>9 


1S7. 13 


ISO. 22 


173. IS 


l(i7.6H 


Hil 03 




Eo 


2.s.sr- 


2r».13 


23.r»l 


21 ()1 


IS. 77 


17.02 


15 21 


10 


^1 


.s:n7 


.S37r> 


.SI31 


.819.', 


So")', 


.S6(N'» 


.s<ir.:j 




^.„ 


.1SS») 


.179S 


.1711 


.I(i20 


.l->35 


. 1 166 


.13S9 


' /■.. 


;n 72 


31 .91 


32 n 


32. 10 


32.63 


32. S2 


:^^oi 


1 ,.* 


7 22 


().S7 


(i :>i 


6.19 


5.S7 


5.60 


5.31 




/•; 


2r».s.2n 


2:>9 32 


2r>o.^)() 


211.39 


232.67 


225 35 


217 IS 




E^ 


22'.) 7*.» 


221. (Mi 


2is.r)r> 


212.07 


205.99 


2(K).75 


191 7r, 




Eo 


as 11 


3:).2r, 


32.3-, 


29.32 


2r, (;s 


21.60 


22 12 


5 


^2 


Si )').') 


.SI 09 


SHU 


.S221 


.S277 


.S321 


.KMs 




•^•.., 


.2(M).") 


.19S0 


1<M)1 


isn 


1735 


.1670 


.um 




'., 


.v.). OS 


r>9. 17 


r,9 sr, 


r,0.29 


(iO 70 


(>1 ().-, 


61.41 




'':... 


1.^>.U) 


1 1 . :)3 


i3.9r, 


13.31 


12 71 


12.26 


11.74 




/: 


:n:> »)7 


307 39 


299 . 29 


2<M) 12 


2S1 .72 


271.69 


26r,.s,3 




/^, 


2{\\ .V2 


2.")9 (>1 


2r>i.s.-> 


219 22 


213 9S 


239. ;« 


231.07 


' /•;. 


r>i . 1.") 


17 7S 


11.11 


10 <N) 


37 71 


35 36 


32.76 


2 x. 


.77i:> 


7791 


.7SI2 


.7S97 


.79 IS 


. 7992 


.8041 


AiJ 


.2210 


.2U)2 


.2(MM) 


.2010 


1937 


.1S7S 


.1812 


'■.. 


1 13"). 2 


I3r,.i 


13r,.9 


137.9 


13S S 


139.6 


140.4 


''.n, 


1 39.1 

1 


37. S 


3r) 5 


3.-> 1 




33 S 


32.8 


31.7 
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Table V. Continued, 



105 


90 


-75 


60 


45 


30 


20 


-Pi 


94.62 


82.97 


69.20 


52.43 


30.64 






E 


r. 


89.98 


79.48 


66.83 


51.02 


30.16 






E, 




4.64 


3.49 


2.37 


1.41 


.48 






E. 




.9257 


.9345 


.9450 


.9580 


.9752 






^1 


30 


.0836 


.0726 


.0699 


.0447 


.0257 






a^» 




12.57 


12.69 


12.84 


13.01 


13.25 






^'a 




1.15 


1.00 


.83 


.62 


.37 






v» 




122.31 


110.94 


97.46 


81.08 


59.83 


29.92 




E 




114.83 


104.91 


92.94 


77.97 


58.19 


29.51 




Ey 




7.48 


6.03 


4.52 


3.11 


1.64 


.41 




Eo 




.9051 


.9134 


.9235 


.9358 


.9522 


.9758 




*i 


20 


.1030 


.0925 


.0804 


.0659 


.0479 


.0234 




^30 




17.99 


18.16 


18.36 


18.61 


18.93 


19.40 




''« 




2.06 


1.85 


1.61 


1.33 


.97 


.48 




t» 




141.27 


130.09 


116.82 


100.02 


79.75 


50.35 


20.97 


E 




131.40 


121.87 


110.36 


95.94 


76.88 


49.18 


20.66 


Ey 




9.87 


8.12 


6.46 


4.08 


2.87 


1.17 


.31 


Eo 




.8912 


.8993 


.9090 


.9216 


.9368 


.9597 


.9830 


1 ^» 


15 


.1152 


.1050 


.0933 


.0793 


.0618 


.0381 


.0155 


hr. 




23.23 


23.44 


23.70 


24.03 


24.42 


25.02 


25.63 


\r. 




3.02 


2.75 


2.45 


2.08 


1.63 


1.01 


.42 


:■ 




166.77 


155.81 


142.82 


127.00 


106.55 


77.77 


49.01 




153.46 


144.41 


133.47 


119.89 


101.71 


75.33 


48.11 


i^^ 




13.31 


11.40 


9.35 


7.11 


4.84 


2.44 


.90 


! ^^0 




.8729 


.8806 


.8899 


.9014 


.9165 


.9384 


.9608 


^ 


10 


.1303 


.1206 


.1094 


.0960 


.0793 


.0566 


.0350 


' ^» 




33.29 


33.59 


33.94 


34.38 


34.96 


35.79 


36.64 


' «'« 




4.99 


4.62 


4.19 


3.68 


3.04 


2.18 


1.35 


; i« 




207.99 


197.38 


184.81 


169.53 


149.79 


122.04 


94.35 


E 




187.82 


179.61 


169.66 


157.19 


140.49 


116.18 


91.00 


E. 




20.17 


17.77 


15.15 


12.34 


9.30 


5.86 


3.35 


, E'o 




.8440 


.8511 


.8598 


.8705 


.8846 


.9050 


.9258 


1 ^' 


5 


.1519 


.1429 


.1324 


.1199 


.1043 


.0832 


.0630 


•r» 




61.89 


62.42 


63.06 


63.84 


64.88 


06.37 


67.90 


' »'2 




11.15 


10.49 


9.72 


8.81 


7.66 


6.12 


4.64 


' ' » 




258.01 


247.81 


235.74 


221.04 


202.14 


175.92 


149.08 


E 




227.95 


220.68 


211.83 


200.72 


185.74 


163.83 


141.00 


Ey 




30.06 


27.13 


23.91 


20.32 


16.40 


12.09 


8.08 


K 




.8098 


.8164 


.8243 


.8341 


.8471 


.8655 


.8850 


J2 


2 


.1739 


.1655 


.1560 


.1445 


.1302 


.1108 


.0922 


^20 




141.4 


142.5 


143.9 


145.6 


147.9 


151.0 


154.5 


''2 




30.4 


28.9 


27.2 


25.2 


22.7 


19.4 


16.1 


,'- 
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APPENDIX. 



TABLE VI. 
CYLINDER CONSTANTS. 

For a cylinder of the diameter d in inches, A is the area of 
cross-section, or of the piston, in square inches; V is the volume in 
cubic feet for each ten inches of length; and E.G. is the engine- 
constant il<S/396,000, likewise for a length of ten inches, or it is 
il/39,600: see Eq. (97), page 102. 

The small values in the first part of the table are for the piston- 
rod, and the E.G. for the latter can be subtracted from that for the 
full piston, and the result nuiltiplied by 5/10, where S is the stroke 
in inches. The displacement-volume of any engine-cylinder can be 
found in the same way, multiplying the net V from the table by 
S/IO, 

Table VI. Gyunder Gonstants. 



d 


A 


V 


E.C. 


! d 

4 


A 


V 


E.C. 


1 


.79 


.0045 


.000020 


12.57 


.0727 


.000317 


u 


.99 


58 


25 


4i 


14.19 


.0821 


3.58 


It 


1.23 


71 


31 


1 U 


15.90 


.0920 


402 


H 


1.49 


8() 


38 


1 4J 


17.72 


.1020 


448 


H 


1.77 


.0102 


.000045 


1 ^ 


19.04 


.1130 


.000490 


H 


2.07 


120 


52 


''\ 


21.05 


.1253 


547 


U 


2.41 


139 


01 


5J 


23.70 


.1375 


(-00 


U 


2.70 


KiO 


70 


5J 


20.00 


.1503 


054> 


2 


3.14 


.0182 


.000079 





28.27 


.1630 


.000714 


2| 


3.55 


205 


90 


OJ 


33.18 


.1920 


838 


2i 


4.00 


230 


.000100 


7 


38.49 


.2227 


972 


22 


4.43 


25(i 


112 


7J 


44.18 


.2557 


.001110 


2\ 


4.91 


.0281 


.000124 


8 


50.27 


.2909 


1209 


o 

•- 


5.41 


313 


137 


8i 


,5<>.75 


.3284 


1433 


'^i 


5.94 


314 


150 


9 


03. ()4 


.3683 


1600 


2a 


0.49 


37(> 


104 


9J 


70.88 


.4102 


1790 


3 


7.07 


.0409 


.000179 


10 


78.54 


.4545 


.001983 


:n 


7.07 


444 


194 


lOi 


80.59 


.5011 


2187 


3i 


8.30 


480 


210 


1 11 


95.03 


.5500 


2400 


3^ 


8.95 


518 


22() 


Hi 


103.87 


.6011 


2623 


Si 


9.21 


.0557 


.000243 


12 


113.10 


.6545 


.002856 


35 


10.32 


0(M) 


201 


12^ 


122.72 


.7102 


3099 


'M 


11.05 


(i39 


279 


13 


132.73 


.7681 


3352 


3} 


11.79 


(i83 


298 


1 \:n 


143.14 


.8284 


3015 
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4 


A 


V 


RC. 


d 

57 


A 


V 


E.C. 


U 


153 94 


.S908 


.003887 


2551.8 


14.767 


.06444 


14i 


165.13 


.9556 


4170 


58 


2642 J 


15.290 


6672 


15 


176.72 


1.0227 


4463 


59 


2734.0 


15.822 


6904 


15i 


188.69 


1.0920 


4762 


60 


2827.4 


16.363 


7140 


16 


201.06 


1 . 1636 


.005077 










17 


226.98 


1.3135 


5732 


61 


2922.5 


16.912 


.07380 


IS 


254.47 


1.4726 


6426 


62 


3019.1 


17.472 


7624 


19 


283 53 


1.6408 


7160 


63 


3117.2 


18.040 


7872 


20 


314,16 


1.81S1 


7933 


64 


3217 


18.617 


8124 










65 


3318 3 


19.203 


8380 


21 


364,4 


2.004 


.00875 


66 


3421.2 


19.799 


.08639 


22 


380.1 


2.200 


960 


67 


3525.7 


20.403 


8903 


23 


415.5 


2.404 


.01049 


68 


3631.7 


21.017 


9171 


24 


452,4 


2.618 


1142 


69 


3739.3 


21.639 


9443 


25 


490.9 


2.841 


1240 


70 


3848.5 


22.271 


9718 


2e 


530,9 


3 073 


.01341 










27 


572.6 


3.313 


1446 


71 


3969,2 


22.912 


.09998 


28 


615.8 


3,563 


1555 


72 


4071,5 


23.562 


.10282 


29 


660.5 


3 823 


1668 


73 


4185.4 


24.221 


.10569 


30 


706.9 


4.091 


1785 


74 


4300.8 


24.889 


.10861 










75 


4417.9 


25.566 


.11156 


31 


7.S4 8 


4.368 


.01906 


76 


4.'536.5 


26.253 


.11456 


32 


804.2 


4.654 


2031 


77 


4656,6 


26.948 


.11759 


33 


855.3 


4.950 


2160 


78 


4778. 4 


27.653 


. 12067 


34 


907.9 


5.254 


2293 


79 


4901.7 


28.366 


.12378 


35 


962.1 


6.5«i8 


2430 


j 80 


5026.5 


29.089 


. 12693 


36 


1017.9 


5.891 


.02570 










37 


1075.2 


6,222 


2715 


81 


5153.0 


29.821 


.13013 


38 


1134.1 


6.503 


2864 


82 


5281.0 


30.561 


.13336 


39 


1194.6 


6,913 


3017 


83 


5410.6 


31.311 


.13663 


40 


1256.6 


7.272 


3173 


84 


5541.8 


32.070 


.13994 










85 


5674.5 


32.839 


.14330 


41 


1320,3 


7.640 


,03334 


86 


5808.8 


33.616 


.14669 


42 


1385,4 


8.018 


3499 


87 


6944,7 


34.402 


.15012 


43 


1452.2 


8.404 


3667 


88 


6082.1 


35.198 


.15359 


44 


1520,5 


8.799 


3840 


89 


r>22l . 1 


36.002 


.15710 


45 


1^0.4 


9.204 


4016 


90 


6361.7 


36.816 


.16065 


46 


1661,9 


9. BIS 


.04197 










47 


1734.9 


10.040 


4381 


91 


6*503,9 


37.638 


. 16424 


48 


1809.6 


10.472 


4570 


92 


6547.6 


38.470 


.16787 


49 


1885.7 


10.913 


4762 


93 


6792.9 


39.311 


.17154 


50 


1963.5 


11.363 


4958 


94 


6939.8 


40.171 


. 17525 










95 7088.2 


41.020 


.17900 


51 


2042.8 


11.822 


.05159 


96 7238.2 


41.888 


. 18278 


52 


2123,7 


12.290 


5363 


97 7389.8 


42.765 


.18661 


53 


2206,2 


12 767 


5571 


98 7543.0 


43.651 


.19048 


54 


2290,2 


t'^ -I".' 


57S3 


99 7697.7 


44.547 


. 19439 


55 


2375 8 




*ax) 


100 7854.0 


45.451 


.19833 


56 


2463,0 


M W 


^mo 











% 
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TABLE Vn. 

CONSTANTS FOR CIRCULAR MOTION 

8ee|85(6)iM«Bain 



1 


S 


8 


4 


1 


1 


3 


4 


N 


# 


c, 


<h 


N 


f 


c, 


Ci 


6 


.524 


.0114 


.00035 


205 


21.468 


19.212 


.5071 


10 


1.047 


.0457 


.00142 


210 


21.091 


20.151 


.6266 


15 


1.571 


.1028 


.00820 


215 


22.515 


21.122 


.6566 


20 


2.094 


.1825 


.00568 


220 


28.088 


22.115 


.6802 


26 


2.618 


.2855 


.00888 


225 


28.662 


28.132 


.7108 


80 


3.142 


.4112 


.01306 


230 


24.086 


24.172 


.7516 


85 


8.665 


.5507 


.01740 


235 


24.609 


25.234 


.7846 


40 


4.180 


.7811 


.02273 


240 


26.133 


26.319 


.8184 


45 


4.712 


.9352 


.02877 


245 


25.666 


27.427 


.8828 


50 


5.288 


1.1423 


.03562 


260 


28.180 


28.558 


.8880 


55 


5.760 


1.882 


.04293 


255 


26.704 


29.712 


.9230 


60 


6.288 


1.644 


.05115 


260 


27.227 


30.888 


.9605 


65 


6.807 


1.081 


.06003 


265 


27.751 


32.068 


.9978 


70 


7.330 


2.234 


.06962 


270 


28.274 


33.310 


1.0358 


75 


7.854 


2.570 


.07992 


275 


28.798 


34.655 


1.0745 


80 


8.878 


2.924 


.00093 


280 


29.322 


35.823 


1.1139 


85 


8.901 


8.301 


.10266 


285 


29.845 


37.114 


1.1540 


90 


9.425 


3.701 


.11509 


200 


30.369 


38.428 


1.1949 


95 


9.948 


4.124 


.12823 


295 


30.892 


39.764 


1.2364 


100 


10.472 


4.569 


.14208 


300 


31.416 


41.124 


1.2787 


106 


10.996 


5.038 


.1666 


310 


32.463 


43.91 


1.3654 


110 


11.619 


5.629 


.1718 


320 


33.510 


46.79 


1.4549 


115 


1 12.043 


6.043 


.1878 


330 


34.558 


49.76 


1.5472 


120 


12.666 


6.680 


.2046 


340 


36.606 


52.82 


1.6424 


125 


13.090 


7.140 


.2221 


360 


36.652 


66.97 


1.7405 


130 


13.614 


7.722 


.2401 


360 


37.699 


59.22 


1.8414 


135 


14.137 


8.328 


.2589 


370 


38.746 


62.55 


1.9456 


140 


14.661 


8.966 


.2785 


380 


39.794 


66.98 


2.0516 


145 


16.184 


9.(K)7 


.2987 


390 


40.841 


69.60 


2.1610 


160 


16.708 


10.281 


.3197 


400 


41.888 


73.11 


2.2733 


156 


16.232 


10.979 


.3414 


410 


42.936 


76.81 


2.3884 


KK) 


16.766 


11.692 


.3637 


420 


43.982 


80.60 


2.5063 


165 


17.279 


12.440 


.3868 


430 


46.030 


84.49 


2.6271 


170 


17.802 


13.206 


.4106 


440 


46.077 


88.46 


2.7506 


175 


18.326 


13.993 


.4361 


460 


47.124 


92.68 


2.8771 


180 


18.860 


14.804 


.4(K)3 


460 


48.171 


96.69 


3.00tM 


185 


19.373 


16.638 


.4863 


470 


49.218 


UK). 94 


3.1385 


190 


19.897 


16.496 


.6129 


480 


60.207 


105.28 


3 2735 


196 


20.420 


17.376 


.6403 


490 


61.313 


109.71 


3.4113 


200 


20.944 


18.277 


.6683 


600 


62.300 


114.23 


3.5520 
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TABLE VIIL 
PISTON TRAVEL. 
Values of the distance s of the piston from the head end of the 
stroke, for any crank-angle a, in terms of the stroke-length S as 
unity, and for different values of the ratio n of the connecting-rod 
to the crank: calculated from equation (210), put into the form 
j(l- -cos g) f n(l— cos/?) 
2 • 



s=S'- 





i» 


Values of n. 




4 


6 


6 


8 


00 


5 


355 


.0023 


.0023 


.0022 


.0022 


.0019 


10 


350 


.0095 


.0091 


.0089 


.0086 


.0076 


15 


345 


.0212 


.0204 


.0198 


.0191 


.0170 


20 


340 


.0375 


.0360 


.0350 


.0338 


.0302 


25 


335 


.0581 


.0558 


.0543 


.0525 


.0468 


30 


330 


.0827 


.0795 


.0774 


.0748 


.0670 


35 


325 


.1111 


.1069 


.1042 


.1007 


.0904 


40 


320 


.1430 


.1377 


.1343 


.1299 


.1170 


45 


315 


.1780 


.1716 


.1674 


.1621 


.1464 


50 


310 


.2156 


.2081 


.2032 


.1970 


.1786 


55 


305 


.2556 


.2470 


.2413 


.2342 


.2132 


60 


300 


.2974 


.2878 


.2814 


.2735 


.2500 


65 


295 


.3407 


.3301 


.3231 


.3145 


.2887 


70 


290 


.3850 


.3735 


.3660 


.3567 


.3290 


75 


285 


.4298 


.4177 


.4097 


.3998 


.3706 


80 


280 


.4747 


.4622 


.4539 


.4436 


.4132 


85 


275 


.5194 


.5066 


.4981 


.4876 


.4564 


90 


270 


.5635 


.5505 


.5420 


.5314 


.5000 


95 


265 


.6066 


.5987 


.5852 


.5747 


.5436 


100 


260 


.6484 


.6358 


.6275 


.6173 


.5868 


105 


255 


.6886 


.6765 


.6685 


.6587 


.6294 


110 


250 


.7270 


.7157 . 


.7080 


.6987 


.6710 


115 


245 


.7633 


.7527 


.7457 


.7371 


.7113 


120 


240 


.7974 


.7878 


.7814 


.7735 


.7500 


125 


235 


.8292 


.8206 


.8149 


.8078 


.7868 


130 


230 


.8584 


.8509 


.8459 


.8398 


.8214 


135 


225 


.8851 


.8787 


.8745 


.8692 


.-8536 


140 


220 


.9090 


.9038 


.9003 


.8959 


.8830 


145 


215 


.9303 


.9261 


.9233 


.9199 


.9096 


150 


210 


.9487 


.9455 


.9435 


.9409 


.9330 


155 


205 


.9644 


.9621 


.9606 


.9588 


.9532 


160 


200 


.9772 


.9757 


.9747 


.9735 


.9698 


165 


195 


.9872 


.9863 


.9858 


.9851 


.9830 


170 


190 


.9943 


jiMMH 


.9937 


.9934 


.9924 


175 


185 


.9986 




.9984 


.9983 


.9981 
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TABLE IX. 
FACTORS FOR ACCELERATION AND INERTIA OF THE PlgTCE 

Valiifltofm*- (oosa+7 0CM2al. 
See Eq[iifttioiMiC213) and (224), | 88(«) and i85(«). 



1 


S 


S 


4 


S 


6 


7 


^ 


OQt« 


aw3« 




▼•hMillf»-|. 






4 


s 


e 


• 


360 


1.0000 


1.0000 


1.2500 


1.9000 


1.1607 


1.12G0 


5 355 


.9062 


.9848 


1.2424 


1.1082 


1.1008 


i.un 


10 350 


.9848 


.9397 


1.2197 


1.1728 


1.1414 


i.m 


15 345 


.9659 


.8660 


1.1824 


i.iaoi 


1.1108 


1.0711 


20 340 


.9397 


.7660 


1.1312 


1.0820 


1.0674 


1.0S66 


25 335 


.9063 


.6428 


1.0670 


1.0349 


1.0184 


.9W7 


30 330 


.8660 


.5000 


.9910 


.0600 


.0404 


.0S85 


35 325 


.8192 


.3420 


.9047 


.8876 


.8702 


.8619 


40 320 


.7660 


.1737 


.8005 


.8008 


.7050 


.7878 


45 315 


.7071 


.0000 


.7071 


.7071 


.7071 


.7071 


50 310 


.6428 


-.1737 


.5904 


.6081 


.6iao 


.6211 


55 305 


.5736 


-.3420 


.4881 


.5052 


.5166 


.5808 


60 300 


.5000 


-.5000 


.8750 


.4000 


.4167 


.4375 


65 295 


.4226 


-.6428 


.2619 


.2941 


.3165 


.3123 


70 290 


.3420 


-.7660 


.1505 


.1888 


.2144 


.2463 


75 285 


.2688 


-.8660 


.0423 


.0856 


.1145 


.1506 


80 280 


.1737 


-.9397 


-.0613 


- .0143 


.0170 


.0562 


86 275 


.0872 


-.9848 


-.1590 


-.1098 


-.0770 


-.0350 


90 270 


.0000 


-1.000 


-.2600 


-.2000 


-.1667 


-.1250 


95 265 


- .0872 


-.9848 


-.3334 


-.2841 


-.2513 


-.2103 


100 260 


-.1737 


-.9397 


-.4086 


-.3616 


-.3303 


-.2911 


105 265 


-.2688 


-.8660 


- .4763 


-.4320 


-.4032 


-.3671 


110 250 


-.3420 


-.7(>60 


-.5336 


-.4952 


-.4697 


-.4378 


116 246 


-.4220 


-.W28 


-.6833 


-.6612 


-.5298 


-.5030 


120 240 


-.6000 


-.6000 


-.6260 


-.6000 


-.5830 


-.5625 


126 236 


-.5736 


-.3420 


-.6591 


-.6420 


-.6306 


-.6163 


130 230 


-.0428 


-.1737 


-.()862 


-.6776 


-.6717 


-.6645 


136 225 


-.7071 


.0000 


-.7071 


-.7071 


-.7071 


-.7071 


140 220 


-.7(500 


.1737 


-.7226 


-.7313 


-.7371 


-.7443 


145 216 


-.8192 


.3420 


-.7336 


-.7608 


-.7622 


-.7764 


160 210 


-.8000 


.6000 


-.7410 


-.76<)0 


-.7827 


-.8035 


156 206 


-.9063 


.(>428 


-.7456 


-.7805 


-.7992 


- .8260 


160 200 1 


-.9397 


.7660 


-.7482 


-.78()5 


-.8120 1 


-.8439 


165 195 


-.Wi59 


.8WiO 


-.7494 


-.7927 


-.8216 


-.8577 


170 190 


- .9848 


.9397 


-.7499 


-.7969 


-.8282 1 


- .8674 


176 186 


-.9962 


.9818 


-.76(K) 


-.79<)2 


- 8321 


-.8731 


180 


-1.000 


l.(MMM) 


-.75rK) 


sooo 


- 83.33 


- .87.T0 
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TABLE X. 
TURNING-FORCE RATIOS. 

Values of m« ""^^" a =p = —» ^ot different values of n=^: 



I § 35(d). 



a» 


Values of n. 


4 


5 


6 


8 


00 


5 355 


.1089 


.1045 


.1016 


.0980 


.0872 


10 350 


.2164 


.2079 


.2022 


.1950 


.1737 


15 345 


.3215 


.3089 


.3005 


.2901 


.2588 


20 340 


.4227 


.4065 


.3957 


.3822 


.3420 


25 335 


.5189 


.4995 


.4866 


.4706 


.4226 


30 330 


.6091 


.5870 


.5724 


.5542 


.5000 


35 325 


.6923 


.6682 


.6523 


.6325 


.5736 


40 320 


.7675 


.7421 


.7253 


.7054 


.6428 


45 315 


.8^1 


.8081 


.7910 


.7699 


.7071 


50 310 


.8915 


.8657 


.8488 


.8279 


.7660 


65 305 


.9392 


.9144 


.8982 


.8782 


.8192 


60 300 


.9769 


.9540 


.9390 


.9205 


.8660 


65 295 


1.0046 


.9842 


.9709 


.9545 


.9063 


70 290 


1.0224 


1.0051 


.9939 


.9801 


.93^7 


75 285 


1.0303 


1.0169 


1.0082 


.9974 


.9659 


80 280 


1.0289 


1.0197 


1.0137 


1.0064 


.9848 


85 275 


1.0186 


1.0139 


1.0109 


1.0072 


.9962 


90 270 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


95 265 


.9738 


.9785 


.9815 


.9853 


.9962 


100 260 


.9407 


.9499 


.9559 


.9633 


.9848 


105 255 


.9015 


.9150 


.9237 


.9344 


.9659 


110 250 


.8570 


.8742 


.8855 


.8992 


.9397 


115 245 


.8080 


.8284 


.8417 


.8581 


.9063 


120 240 


.7552 


.7781 


.7931 


.8116 


.8660 


125 235 


.6991 


.7239 


.7401 


.7601 


.8192 


130 230 


.6406 


.6664 


.6833 


.7042 


.7660 


135 225 


.5801 


.6061 


.6232 


.6444 


.7071 


140 220 


.5181 


.5435 


.5603 


.5810 


.6428 


145 215 


.4549 


.4790 


.4949 


.5147 


.5736 


150 210 


.3909 


.4130 


.4276 


.4458 


.5000 


155 205 


.3263 


.3458 


.3586 


.3747 


.4226 


160 200 


.2614 


.2776 


.2884 


.3018 


.3420 


165 195 


.1962 


.2088 


.2171 


.2276 


.2588 


170 190 


.1309 


.1394 


.1451 


.1523 


.1737 


175 185 


.0654 


.0698 


.0727 


.0763 


.0872 



NOTES ON SUPERHEATED STEAM. 



Regnauw made four sets of experiments, upon steam under 
atmospheric pressure, superheated to from 252® to 44S® F.. or 
with 40° to 236° of superheat. His method was to condense a 
small portion of steam in an accurate water-calorimeter, so as 
to measure its total heat, and then subtract from this the total 
heat found in the same way for steam superheated about 15°. 
The results agreed ver>' well; there was no apparent variation 
of the specific heat with the temperature; and the mean value 
which he found was 0.4805. Published in 1862, this was for a 
lonjr time the only definite infonnation in regard to the specific 
hciit of steam under coru^tant pressure: and was generally uscil 
in spite of dovil)! as to its applieability under all conditions. It 
Is as a consecjiuMiH^ of the extensive adoption of superlieatirr^ in 
the steam-plant, esfK-cially in Europe, that further investiirations 
have Ix^en undertaken. 

This determination by measurement of total heat is essentially 
a difficult metho<l, because the heat-<iiiantity sought is but a small 
fraction of the lieat mea.<ured, so that extreme precision is necessar>' 
to reliable results. Later exfXTiments have generally followed 
thr(M> lines: first, for small ranires above saturation, superheatin:: 
i)y wire-drawing; second, for technical ranges of temperature and 
j)r(\<sure, cooling in a water-calorimeter of the surface-condenser 
tvfx'. from a higher to a lower degree of superheat; third, for very 
hi^rh temfx^raturc*s, exploding a mixture of hydrogen and oxy;ren 
and deducing specific heat from temperature and heat of coni-. 
bustion. 
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The last-named method was earliest used, and will first be 
briefly described. The purpose of the experiments was, pri- 
marily, to find the temperature of combustion, under the assump- 
tion that all the heat generated remains in the combined gases. 
Calorific power, or heat of complete combustion, was already 
known: if the specific heat determined for ordinary temperatures 
could be used for high ranges, the desired temperature was very 
simply calculable; but it was soon apparent that this was far 
from the truth, and that special experiments were necessary. 
These were made by enclosing a small body of the mixed gases 
in a strong chamber or bomb, igniting it with an electric spark, 
and measuring, by means of a very accurate manometer, the 
maximum pressure reached* before cooling had time to occur. 
From observed pressure, temperature was calculated by the general 
law pv=^CT; the heat of combustion Q being known, the specific 
heat at constant volume, c„, could be found, and Cp deduced from 
it — ^the value of k^Cp/c^ being involved. 

From the results of numerous experiments, beginning with 
those of Mallard and Le Chatelier published in 1883, the metallur- 
gists — ^who most use high ranges of temperature — have settled 
upon the formula 

Cp=0.413+.000192i or 0.419 +.000345^. . . (290) 
Fahrenheit. Centigrade. 

This gives the actual specific heat at any temperature i; to get 
the quantity of heat for a rise from t^ to t, we must use a mean 
value; which will be, putting the formula into the general shape 
Cp=a+bt, 

Cpra-a+b^'p^ (291) 

For the imaginary operation of heating from 0° to t (equivalent 
to assuming that the steam remains a perfect gas down to zero), 
when ^1 equals zero in (291), this gives, from (290), 

Cp^= 0.413 + 0.000096^ or 0.419 + 0.000173/. . (292) 

Ver\' obviously, we liave no assurance that these formulas will 
apply near saturation and for low degrees of superheat; for the 
properties of a perfect gas enter into their deduction. 
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Of experiments by wire-drawing, two first-class sets have been 
made: by Grindley, published in Philosophical Transactions of 
the Royal Society of London, 1900, Vol. 194; and by Griessmann^ 
found in Zeitschrift des Vereins Deutscher Ingenieure, 1903^ 
page 1850. In both cases, the apparatus was essentially a throt- 

^60r 




Fig. 188. — Curves of Throttling, according to Qriessmann. 

tling calorimeter which drew dry saturated steam from a specially 
arranged separator, great precautions being taken to avoid sources 
of error. The observations were, the pressure pj and temperature 
fj (checking each other) on the high side; and beyond the throttling- 
plate, the pressure p^ and temperature ^. Griessmann's results. 
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as the later and more accurate, are laid out in Fig. 188, on a dia- 
gram similar to that given by the author, but changed to English 
measures. For each initial pressure, a number of different dis- 
charge pressures were produced and maintained ; and the observed 
lower temperatures are plotted on a pressure-base. SS is the 
curve of saturation, the same thing as curve I. on Fig. 22, but 
in a different position. Through the /, points belonging to each 
/j a curve is drawn; and the good agreement of the points with 
their respective curves speaks well for the accuracy of the ex- 
periments. 

To each of these curves corresponds a certain value of the 
total heat in the steam, which value remains constant as the lower 
pressure changes — see § 28 (6), page 183. The several numbers 
are: 



Curve 


Pi 


ti 


Hi 


Curve 


Pi 


<i 


H. 


No. 


Lbs. Abfl. 


• F. 


B.T.U. 


No. 


Lbe.Abe. 


• F. 


B.T.U. 


1 


42.8 


271.3 


1164.65 


7 


100.8 


328.1 


1182.02 


2 


55.6 


287.6 


1169.66 


8 


114.4 


337.4 


1184.86 


3 


58.0 


290.3 


1170.49 


9 


119.4 


340.5 


1185.82 


4 


69.7 


302.4 


1174.15 


10 


138.7 


352.0 


1189.31 


5 


73.8 


306.2 


1175.32 


11 


141.9 


353.8 


1189.85 


6 


86.5 


317.2 


1178.70 











Having these values of the total heat and the corresponding tem- 
peratures of superheated steam as shown by the curves them- 
selves, it is an easy matter to calculate the specific heat involved 
in a change of temperature along any one of the vertical lines of 
constant pressure. Thus at 40 lbs. pressure, curve 2 shows 279.8°; 
curve 10, 315.5''; the steam is raised through 35.7° by 1189.31 
- 1169.66=19.65 B.T.U.; and the mean specific heat for the 
operation is 19.65-^35.7=0.550. 

Turning to Eq. (154), page 184, we see that if the steam is 
orig:inally dry-saturated, so that Xi=1.00, and if Cp= 0.48, the 
relation holds 

0.305((j-g=0.48 (t,-Q; 
whence 

^-/o = 0.63of/,-g, 

t,-U = OMrM,-Q (293) 
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This formula would give to t^ the manner of variation shown bv 
the dotted curves drawn from points 1, 6, and 11. ConipAring 
these with the full-line curves of observed temperature, we can 
make the following deductions as to the true specific heat: 

First, Cp is much greater than 0.48 for the higher pressures, 
because the actual temperature is so much less than that calcu- 
lated from (2d3). 

Second, as the saturation temperature is lower, Cp is less: for 
€ur\-e 1, it is less than 0.48 from the beginning at 1. 

Third, along the lines of low pressure, as at 15 lbs., Cp increases 
steadily with the temperature: thus at 1, the true curve is vdl 
above the dotteil, at 11 they are nearly together. 

I)r. Griessmann worked out. from his curves, values of Cp for 
a number of different pressures. In Fig. 189 are plotted results 
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The most noticeable thing about these results is the rapid 
increase of Cp with / — far greater, for instance, than that in (290), 
which formula is represented by the line MM. To' explain thi§ 
apparent discrepancy, we note first that Cp, as found for 1 kg., 
is much farther from saturation than for 5 or 6: then it seems 
entirely reasonable to suppose that the specific heat would be 
greater near saturation, where there is likely to be disgregation 
work; and further, that it may increase with the pressure, that 
is, with the density, of the steam. 

These ideas are given graphical expression in the curves sketched 
on Fig. 189, each beginning at the saturation temperature marked 
by a short vertical line. They constitute an hypothesis which, 
although it is not confirmed in detail by the primary results in 
Fig. 188, and is even contradicted by the third statement above 
Fig. 189, nevertheless offers the best way of reconciling what are 
otherwise conflicting data. 




^_. 
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Fig. 190. — Results of Lorenz, by the Method of Cooling:. 



Strong confirmation of this idea as to the heat-properties of 
superheated steam is given by the experiments of H. Lorenz, 
published in Zeitschrift V. D. I., 1904, page 698. These were 
ina<lo by the method of coolinfi:, the steam passinp; through a 
surface-calorimeter, escaping well above saturation, and then 
flowiiii:: into a surface-condenser. The results are represented 
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graphically on Fig. 190, where each numbered circle shows the 
mean value of Cp at a particular pressure and temperature, and 
the range through which the steam was cooled — the last by iih 
clined straight lines, as in the preceding figure. The results are 
grouped according to pressure by drawing curves like those on 
Fig. 189; two points from that figure being also marked, for 
pressures of 2 and 4 kg. Here it is very evident that the specific 
heat is greater toward saturation and for higher densities. 

The amount of data is too small, and its agreement not cordial 
enough, for any more definite expression of the apparent law than 
is given by these curves. They are made of fair form, and spaced 
with regard to the fact that there must be some smoothly-acting 
law of variation. The starting-points, on the saturation-tem- 
perature lines, lie on a fair cur\'e. The cur\'es evidently tend 
to merge into the line MM, or one of similar trend, for high tem- 
fx?rature8. While not closely enough determined to give exact 
results, they are nevertheless likely to be of great practical utility 
for technical computations. 

In regard to the throttling calorimeter, the statement made 
at the top of page 195 must be modified in view of this later in- 
t(Ti)r(»tati()n of oxfKTirnental results. It appears, however, from 
Kig. ISS. that a mean value* a little below 0.48, say ().4.j, would 
Ix' pr()|KT for use in Ivjs. (l.')4j, (ir)8j, etc., when the dischar^ 
is at atmospheric pressure. In this we accept the results on Fig. 
LSS rather than the curve traced on Fig. 189; and it would l)e 
eiusy to derive from Fig. 18S a curve showing the true '* normal 
tein|KTature" for different initial temperatures. 

The entropy -tein|KTatur(» curve for superheated steam, as 
drawn in Fig. SO, page 229, will l)e considerably modified by thftjo 
later results. A different curve would have to be drawn for each 
Ktartinu:-}H)int on the line RS; but as the temperature rose, the 
curves would approach similarity and constant-distance spacing. 
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icaJ Determination, 251 
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Adiabatic Compression Omitted from 

Actual Steam-cycle, 76 
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Applications of the Steam-jet, 191 
Steam-blowers, 197 
Steam Calorimeters, 191 
Steam-turbines, 205 
The Injector, 200 
Approximate Diagram of Pin-pres- 
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Average Combined Diagram from 
Compound Engine, 136 

Balanced Valve, 11 
Balance-wheel, see Fly-wheel. 
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314 
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Boiler, Functions of, 2 
British Thermal Unit, 21 

Calculation of Inertia-force, 263 
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Camot Cycle with Steam, 71 

Numerical Example, 73 
Camot Cycle, Universality of, 72 
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Centrifugal Force, Calculation of, 263 
Character of the Expansion in the 
Compound Engine, 132 
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Cylinder-condensation , 

Elmpirical Fonnula for, 109 
Influences Affecting, 109 
Relative Surface Exposed, 110 
Results from Tests, 113 
Surface Effect, 109 
Temperature and Time Effects, 111 

Cylinder Constants, Table VI, 370 

Cylinder, Sections of, 10 

Cylinder- walls, Thermal Action of, 
77,124 

De Laval Steam-turbine, 206 
Design of the Nozzle for the Steam- 
jet, 180 
Determination of the Steam-quan- 
tities, 54 
Determining Tangential Force, 273 
Diagram of 

Erring-pressure, 314. 316 

Crank-pin Pressures. 308, 310 

Effective Driving-force. 267, 260 

Effective Power and Efficienc v, 320 

Fly-wheel Motion, 284 

Guide-reaction. 311 

Inertia-force of Slide, 265 

Piston-acceleration, 257 

Piston-motion, 258 

Piston-velocitv, 256 

Shaking-force; 321-338 

True Expansion in the Engine, 96 

Turning-force on Crank, 275 
Diagrams from Compound Engines, 
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Average Combined Diagram, 136 

Combined on the Clearance-lines, 
133 

Combined on the Compression 
Curves, 135 
Different States of Steam, 61 
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Engine, 122 
Disgregation Work, 34 
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Actual, 243 

Harmonic, 240 
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For Shaking-force, 325 

For Tuniing-force, 303 
Duplex Knpine, Shaking-force Analy- 
sis. 326. 334 
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iM'oiioiny, Kxpedients for, see Engine 
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Effects of the Shaking-force. 339 
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(leneral Diagram, 219 
Ideal Steam Diagram, 220 
Indicator Diagram, 227 
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The Two Steain-ovcles, 219 
Transfonning the Steam Diagram, 

221 
Wire-drawing. 230 
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230 
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Kyaporation of Water, 52 
Kyaporation, The Function of, 4 
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Exact Force-action on the Connect- 
ing-rod, 234 
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tions, 304 
Expansion, Adiabatic, of Air, 40 
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35 
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Engine, 97 
Expansion, General Law p»*— C, 39 
Expansion, Isothermal, for Air, 37 
Expansion, Limit of, in the Engine, 

87 
Expansion of the Clearance-steam, 95 
Expansion of the Steam-jet, 153, 157 
Expansion of the Working Steam, 95 
Experiments on Superheated Steam, 

37&-381 
Exponential Cur\'e, pTJ* = C, Method 

of Drawing, 41 
External Work, 

In Adiabatic Expansion of Air, 42 
In Adiabatic Expansion of Steam, 

71 
In Isothennal Expansion of Air, 38 
In the Fonnation of Steam, 53, 5S 

Facts as to Heat, 20 
Fee<l-pump, 5 
Flow of Steam, 

Discharge from an Orifice, 1S2 

Flow ill Pipe^i. 184 

Friction in I*ipes, ISO 

Jet-c\^^ve^> for Small I*n»8sure-(lrop, 
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Sepanition of Water. 1S7 
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pine. 289 

Action of, in Geneml, 279 
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275 
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Irreiiular Movement of Wheel, 286 

Limit of Safe Speed, 295 
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Velocitv by Momentum, 2H8 
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Force, 

Centrifugal, 264 

Constructions for Tangential Forre, 
274 

Diagrams of Turning-force, 275 

Effective Driving, in En^ne, 266 

Inertia-force of the Reciprocating 
Parts, 262 

Tangential, on Crank, 271 

W^orkinjg Forces in Engine, 262 
Force-action in the Connecting-rod, 

296 
Forced-draft Blower, 198 
Forces in the Machine, 231 

Counterbalancing, 238 

In the Connecting-rod, Exact, 234 

On the Engine-bed, 237 

On the Piston-slide, 232 

On the Shaft, 235 

Transmission to the Crank, 233 
Forces on the Moving Parts of the En- 
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Form and Influence of the Nowle, 

170 
Formation of Steam, Entropy of, 21S 
Form of the Steam-jet, 143 
Fonnula for 
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Ideal Centrifugal Force, Fq, 2()3 

latent Heat of Steam. 5fi 
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Su|)erheated Steam, Zeuiier's, G4 

The Injector. 203 

Thn)tt ling Calorimeter, 191, 193 

Total Heat of Steam, 5H 
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ment, 270 

Water-heat. 58 

Weight of Fly-wheel, 279 

Wire-drawing of Steam, 183 
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Analysis, 336 
Frame of Engine, 9 
Free Expansion in the Engine, 94 
Friction and Efficiency, 316 
Friction in Machines, 317 
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Oeneral Considerations as to Clear- 
ance, 98 

-General Determination of the Adia- 
batic Steam-jet, 155 

•General Ideas as to Entropy, 209 

General Law for Gases, jw-CT, 29 

-General Law of Expansion, pc*— C, 
39 

General View of the Subject, 1-19 

Governor, Action of , 13 

Graphical Determination of Piston- 
velocity, 245 

-Graphical Representation of Work, 39 

Graphical Steam-table, 56 

Griessmann's Experiments on Super- 
heated St^am, 378 

Gross and Effective Work in the En- 
gine, 101 

-Guide-bar Pressures, 311 

Harmonic Motion, 239 

Heat and Worit, Relation between, 
20,22 

Heat-behavior of a Perfect Gas, 23 

Heat-conversion at Constant En- 
tropy, 214 

Heat, Different Effects of Imparting, 
34 

Heat-engine, Definition of, 20 

Heat-engine, Development of Ideal, 
44 

Heat, Facts as to, 20 

Heat for External Work, in Forma- 
tion of Steam, 53, 59 

Heat-impartation in the Actual En- 
gine, 76 

Heat, Mechanical Equivalent of, 22 

Heat, Measurement of, 21 

Heat of Formation of Steam, Any 
Conditions, 54 

Heat of the Liquid, 52, 58 

Heat of Vaporization of Water, 53. 58 

Heat, Thermod3rnamic Value of, 48 

Heat-transfer with Gain of Entropy, 
215 

Heat-waste in the Steam-plant, 217 

Heat Unit, H.U.. 21 

Heated Water, Constants for. Table 
III. 348 

Horse-power, H.P., H.P.H., 22 

Horse-power. Computation of, 102 

Hydraulic Analogv, with the Ideal 
Heat-engine, 50, 213 

Ideal Heat-engine, Development of, 
44 
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Mean Pressures, 87 
Incomplete Expansion in Actual En- 
gine, 78 
Indicated Horse-power, 102 
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Average Combined Diagram from 

Compound Engine, 136 
Comparison with Ideal Steam Dia- 
gram, 90 
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Compression Curves, 135 
CompuUtion of I.H.P., 102, 107. 

130 
Computation of I.S.C., 105, lOS, 
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Constructions for Clearance, 100 
Form of Diagram, 16 
General Discussion, 90 
Gross and Effective Work, 101 
Mean Effective Pressure, 100 
Reference Lines, 90 
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Work-up of Compound Diagrams, 
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Work-up of Simple Diagrams, 106 
Inertia-force, Diaf^ms of, 265 
Inertia-force of Connecting-rod, Ef- 
fects of, 302 
Inertia-force of the Reciprocating 

Parts, 262 
Influences Affecting Cylinder-conden- 
sation, 109 
Influence of the Connecting-rod upon 

Piston-motion, 248 
Injector, 200 
Compound, 201 
Range of Action, 205 
Simple, 200 
Testing, 204 
Theory of Action, 202 
Inner Latent Heat, 54 
Instantaneous Center of Rotation, 

245 
Irregular Movement of Fly-wheel, 

286 
Isothennal Expansion of Air, 37 
Isot hernial Law for Gases, 28 
Isothermal of Steam, 53, 62 

Jacket, see Steam-jacket. 
Jet, see Steam-jet. 
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Partial Evaporation, 54 

Perfect Gas, 
Description of. 23 
Primary Laws for, 23 
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Approximate Diagram, 300 
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Diagram on Crank-pin, 310 
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Piston. 7 

Piston Movement, 242 

Piston-slide, Forces on the, 232 
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Diaplacement Diagranu*, 230, 243 
Velocity, 241, 244, 246. 251. 256. 
25S 

Piston-travel, Tablo VHl. 373 
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Power of Machine. 22 
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^in«*s, 121 

Pressures on the Bearinirs. 304 

I*ressure. V<i!ume. anti Teinpc^niture. 
(Seneral I^w. '29 

Pressure- volume Measure of Work. 
3fi. 39 

Pr<»file of Fn*** Stefim-jet. 176 

Properties of Saturatcnl Steam, TaMo 
IV. 3.0<) 

Quarter-crank Engine, Tuminir-forre 
^ui.283 
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Iladial Analysis for Shaking-force, 

32.S-338 
Radiation in Steam Calorimeters, 

Correction for, 192, 196 
Range of Temperature in Adiabatic 

Expansion of Air, 42 
Range of the Injector, 205 
Rate of Flow of Steam, 148 
Receiver Type of Compound Engine, 

122 
Reciprocating Parts, Description of, 

Reciprocating Part«, Inertia-force of, 

262 
Reduced M. E. P. in the Compound 

Engine, 131 
Reference liines on the Indicator Dia- 
gram, 90 
Re-heating Receiver, 125 
Release, as Sho^n by the Indicator 

Diagram, 93 
R^ults from Engine Tests, 113 
Retardation of Steam-jet, 18S, 190 
Reversible Cycle-pnjcess, 4H 
Reversibility of Cycle a Criterion of 

Perfection, 49 
Rod-force Construction, 301 
Rotation, Instantaneous Center of, 
245 

Saturated Steam, Properties of. 
Table IV. 350 

Saturation Curve, 62 

Separation of Water fn)m Steam-cur- 
rents, 187 

Separator Calorimeter. 196 

Service a Basis of Chissification, 18 

Shaking-force, 

Accelerated Masses, 321 
Complex Engine with Two Stroke- 
lines, 339 
Components by Diagram, 322 
Counterweight, 340 
Curves for Duplex Engine, 331 
Curves for Four-iTank Engine, 338 
Curves for Single Engine, 323 
Duplex Engine, Cnniks Opposite. 

334 
Duplex Quart er-<Tank Engine, 326 
Effects of Shaking-force, 339 
Exact Const met ion, 324 
Four-crank Engine, 336 
Polar Diagram, 325 
Radial Construction, 328, 335 
Radial Determination of Rod-ef- 
fect. 332 



Shaking-force, 

Shift mg-effect in Duplex Engine, 

3*29 
Three-crank Engine, 334 
Turning-effect in Duplex Engine, 
329 

Shaft and Wheels, 9 

Shaft-bearings, Pressures on, 311 
Diagrams for Main Bearing, 316 
Extra-pressure Due to Overhang, 

312 
Pressures in the Locomotive, 314 

Sliaft of Engine, Forces on, 235 

Simple Injector, 200 

Slider-crank Meclianism, 242 

Specific Heat, 
Of Air, 35, 37 

Of Superiieated Steam, 65, 376-382 
Of Water, see Heat of Liquid. 52, 
58 

Specific Volume at Cut-off, 87 

Speed of Engine, Fluctuation of, un- 
der Fly-wheel, 283 

Steam, 

Adiabatic Behavior of, 66 
At Atmospheric Pressure, 56 
Camot Cycle with Steam, 71 
Complete Isothermal, 62 
Constants and Relations. 54 
Curve of Constant Weight, 61 
General Fonnula for Superheated, 

Zeuner's, 64 
Generation and Properties, 52 
Heat of Fonnation, for Any Con- 
ditions. 54 
Heat of Vaporization, 53. 58 
Measurement of Consumption in 

Engine, 103 
Properties of Saturated, Table IV, 

350 
Sat united and Superheated, 61 
Superheated, see also Superheated 

Steam. 62, 64 
Temperature of Fonnation, 52 
Total Heat, 5;^. 5S 

Steam-blowers. 197 

Ste^m Calorimeters, 

Correction for Radiation, 192, 196 
Lnnit of Thrott ling-effect. 192 
Range and Accuracy, 194 
Separator Calorimeter, 196 
Throttling Calorimeter. 191 

Steam Cycles A and B, 79 

Steam Diagram, 

Actual Indicator Diagram Com- 
pared with Ideal Fonn, 90 
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Steam Diagram, 

Effects of Clearance and Wire- 
drawing^ ^23 
Form of Diagram, 16 
Ideal Form for the Engine, 86 
Transformation to Entropy-tem- 
perature System, 221, 225 
Steam Distribution, 15 
Steam-engine Cycle, 77 
Steam-engine Indicator, 17 
Steam-jacket, Principles of Action, 

123 
Bteam-jet, 138 
Applications, 191 
Comparison of Different Initial 

States, 166 
Comparison with Napier's Formu- 
la, 148 
Conditions beyond the Nozzle, 182 
Conditions of Flow, 138 
Conditions within the Jet, 171 
Constants for Different Initial 

Pressures, 161 
Curves of Cross-section and Veloc- 
ity, 145, 152-157 
Curves of Discharge, 151, 155, 156 
Desim of the Nozzle, 180 
Discharge from an Orifice, 182 
Entropy Diagram, 229 
Expansion of the Jet, 153 
Exponential Formulas Applied, 

149 
Form and Influence of the Nozzle, 

170 
Form of the Jet, 143 
Internal Force-actions, 173 
Mixtures of Steam and Water, 163 
Pick-up Apparatus, 197 
Profile of Free Jet, 176 
Profile with Partial Reduction of 

Pressure, 179 
Rate of Flow, 148 
Retardation of Jet, 188, 190 
Steam-cycle with Adiabatic Ex- 
pansion, 140 
Steam of Any Initial Quality, 142 
Stodola's Curves for the Retarded 

Jet, 189 
Superheated Steam, 165 
Table of Properties, 142 
Table of Properties for 120 lbs. In- 
itial Pressure, 158 
The Case of Steam Initially Drv, 

159 
The Extended Nozzle, 188 
The Free Jet, 172 



Steam-jet, 
Transverse Acceleration of the 

Stream-lines, 174 
Work Expended in Acceleration^ 
138 
Steam Passages, 11 
Steam-plant, 

Elements and Outline of, 1 
Heat-waste in the, 217 
Steam-table, 350 
Graphical, 56 
Steam-turbine, 205 

Compound and Complex, 207 
Curtis, 207 
De Laval, 206 
Simple and Simplex, 207 
Velocity Diagrams, 206, 208 
Stodola's Curves for the Retarded 

Jet, 189 
Stream-lines in the Jet, Transverse 

Acceleration, 174 
Stress in Rim of Wheel, 293 
Stroke-line Diagram of Inertia-force^ 

265 
Superheated Steam, 62, 64 

Application and Difficulties, 126 
Entropy Diagram, 228 
Ebcpansion at Constant Pressure, 65- 
Formula for Adiabatic Curse, 71 
In the Steam-jet, 165 
Notes on, 376 

Specific Heat at Constant Pres- 
sure. 65, 376 
Use in the Engine, 126 
Superheating a Source of Economy, 

125 
Surface Effect in Cvlinder-condensa- 
tion, 109 

Tangential Force, Constructions for^ 

274 
Tangential Force on the Crank, 271 
Temperature, Absolute, 26 
Temperature and Pressure, Relation 

for Gases, 28 
Temperature and Time Effects in 

Cylinder-condensation, 111 
Temperature and Volume, Relation 

for Gases, 24 
Temperature, Definition of, 21 
Temperature of Steam-formation, 52 
Temperature, Range of, in Adiabatic 

Expansion of Air, 42 
Testing the Injector, 204 
Theory of the Steam-engine, 52-8^ 
Theorv of the Injector, 202 
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Thermal Action of the Cylinder-waUs, 

77, 124 
Thermodynamics, First Principle of, 

20 
Thermodynamic Value of Heat, 48 
Three-crank Engine, Shaking-force 

Analysis, 334 
Throttling Calorimeter, 191 
Total Heat of Steam, 53, 58 
Transmission of Force to the Crank, 

233 
Turning-force Analysis, 272 
Turning-force, Determination of, 293 
Turning-force in Multiple-crank Ar- 
rangements, 281 
Turning-force Ratios, Table X, 375 
Turning-force Relations, 270 
Turning-moment on the Crank, 270 
Two-stroke Diagram of Effective 
Pressure, 269 

Universality of the Camot Cycle, 72 

Valve, Action of, 13 

Valve-chest, Sections of, 10 

Valve-gear, Outline of, 12 

Variation of Pressure with Tempera- 
ture, Saturated Steam, 57 

Velocity Analysis for the Connecting- 
rod, 249 

Velocity and Acceleration of Piston, 
243 

Velocity Diagrams for the Steam-tur- 
bine, 206, 208 

Velocity-image of Connecting-rod, 
247 

Velocity of any Point on the Connect- 
ing-rod. 246, 260 

Velocity of Piston, 
Actual, 244, 246, 256 
Harmonic, 241 

Velocity of Rston by Graphical Re- 
lations, 245 

Volume and Pressure, Relation for 
Gases, 28 



Volume and Temperature, Relation 
for Gases, 24 

Water, Sensible Heat of, 52, 58 
Weight of Fly-wheel, 279 
Wir^rawing, Effect upon Indicator 

Dia^m, 224 
Wire-drawing, Entropy Diagram for^ 

230 
Wire-drawing, Formulas for, 183 
Work and Power, 22 
Work Done and Steam Used, 100 
Work Expended in Acceleration of 

Steam-jet, 138 
Work, External, in Various Processes^ 

see External Work. 
Work, Graphical Representation of, 

39 
Work, Gross and Effective, in the 

Engine, 101 
Working-forces in the Engine, 262 
Working of the Compound Engine, 

122 
Working Steam and Clearance Steam ^ 

93 
Working Up Indicator Diagrams, 

106 
Work, Internal and External, 34 
Work per Revolution, 101 
Work, Pressure- volume Measure of, 

36,39 
Work-scale for Diagrams, 37, 277 
Work Unit, W.U., 22 
Wrist-pin Acceleration, Graphical 

Determination, 251 
Wrist-pin, Motion of, see Piston- 
slide. 
Wrist-pin Pressures, see Pin-pres- 
sures, 309 
Wrist-pin Velocity, Derivation of, 251 

Zeuner's Formula for Adiabatic Ex- 
pansion of Steam, 70 

Zeuners Formula for Superheated 
Steam, 64 
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